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\ABSTRACT
A n u m erica l  m odel w a s  d e v e lo p e d  to  s im u la te  flat f la m e s  
bu rn in g  c h lo r in a te d  m e th a n e s  in a  m e th a n e /a i r  e n v iro n m en t .  T h e  
m o d e l  u s e s  a  reac tion  m e c h a n ism  co n ta in in g  341 r e a c t io n s  a n d  58  
s p e c ie s .  A t im e -s te p p in g  so lu tion  with l in e ra r ized  s o u r c e  te rm s  a n d  
a  stric t c o n v e rg e n c e  crite ria  h a d  to b e  d e v e lo p e d  to  a llow  for 
c o n v e rg e n c e  of th e  c o n se rv a t io n  e q u a t io n s .
S im u la t io n s  of te n  f la m e s  w e re  m a d e ,  five s im u la t io n s  of 
d ic h lo r o m e th a n e /m e th a n e /a i r  f la m e s ,  a n d  five s im u la t io n s  of c a rb o n  
te t r a c h lo r id e /m e th a n e /a i r  f la m e s .  F o r  e a c h  fuel ty p e ,  s im u la t io n s  
w e re  p e rfo rm e d  a t  a  c o n s ta n t  m olar  Cl/H ratio of 0 .3  for a  
s to ich io m etr ic  f lam e, a  fuel-rich f lam e, a n d  a  fu e l- lean  f lam e . T h e  
o th e r  s im u la t io n s  w e re  m a d e  for a  c o n s t a n t  s to ich io m e try  with 
vary ing  Cl/H ratio. For d ic h lo ro m e th a n e ,  th e  fuel e q u iv a le n c e  ratio, 
<X>, w a s  held  a t  0 .8  w hile  th e  Cl/H ratio w a s  va ried  from  0 .0 6  to 0.5 , 
for c a r b o n  te t ra c h lo r id e  <1> w a s  held  a t  0 .9 5 ,  while th e  Cl/H ratio 
w a s  c h a n g e d  from 0 .7  to 0 .5 .
C o m p a r is o n s  to  e x p e r im e n t  w e re  m a d e  for e ig h t  of th e  ten  
s im u la t io n s .  A vailab le  e x p e r im e n ta l  d a ta  in c lu d ed  th e  m a jo r  
s p e c ie s ,  a n d  ten  s ta b le  in te rm e d ia te s .  T h e  s im u la t io n s  a r e  in g o o d  
a g r e e m e n t  with e x p e r im e n t  for th e  m ajo r  s p e c i e s  p ro files . T h e  
c o m p u ta t io n a l  p ro files  for th e  s ta b le  in te r m e d ia te s  a r e  in g o o d  
a g r e e m e n t  with e x p e r im e n t  for fo rty -e ig h t p e r c e n t  o f th e  s e v e n ty -  
n ine c o m p u ta t io n a l  s p e c ie s  p rofiles  c o m p a r e d  to  e x p e r im e n t .  S e v e n  
p e rc e n t  of th e  c o m p a r is o n s  a r e  poor. T h e s e  c o m p u ta t io n a l  profiles
x
h a v e  p e a k  v a lu e s  tha t  a r e  m ore  th an  a  fac to r  of ten  la rg e r  o r sm a lle r  
th a n  e x p e r im e n t .
T h e  s im u la tio n  re s u l ts  w e r e  u s e d  to p o s tu la te  rea c t io n  
p a th w a y s  for th e  c o m b u s t io n  of d ic h lo ro m e th a n e ,  c a rb o n  
te trach lo r id e ,  a n d  m e th a n e .  B u rner  e f fe c ts  w e r e  found  to b e  
im p o r tan t  in th e  c a rb o n  te t ra c h lo r id e  f la m e s .
1. INTRODUCTION
1.1 BACKGROUND
As th e  w orld 's  lead in g  industr ia lized  soc ie ty , A m erica  p ro d u c e s  
la rg e  q u a n ti t ie s  of w a s t e  m a te r ia ls ,  m u ch  of w hich  is h a z a rd o u s  
w a s te .  T h e  m ag n itu d e  of th e  p rob lem  is s ta g g e r in g . T h e  EPA 
e s t im a te s  th a t  in 1981 a lo n e ,  o v e r  2 4 6  million m e tr ic  to n s  of 
h a z a rd o u s  w a s te  w e re  p ro d u ce d  (EPA Hikes..., 1984). This is o n e  ton 
of h a z a rd o u s  w a s te  p e r  p e rs o n  in A m erica , in o n e  y ear .
S in c e  h a z a rd o u s  w a s t e  is by definition d e tr im e n ta l  to th e  
h e a l th  of th e  so c ie ty  th a t  c r e a t e s  it, th is  w a s te  m u s t  b e  d e a l t  with 
in a  tim ely a n d  p ru d e n t  m a n n e r .  T h e re  is a  soc ia l  im pera tive  th a t  
r e s e a r c h  into s a fe  a n d  effective  m e th o d s  of h a z a rd o u s  w a s te  
m a n a g e m e n t  b e  c o n d u c te d  to  a llev ia te  th e  po ten tia l  h e a l th  r isks  
a s s o c i a t e d  with th is  a s p e c t  of o u r  highly d e v e lo p e d  tec h n o lo g y . 
F u rthe r , it m u s t  b e  d e m o n s t r a te d  th a t  th e r e  is no  e x c e s s iv e  h ea lth  
risk in a n y  p ro p o s e d  h a z a rd o u s  w a s te  m a n a g e m e n t  so lu tion , a n d  tha t 
t h e s e  a r e a s  of r e s e a rc h  b e  c a p a b le  of providing a  m e a n s  of 
a s s e s s i n g  th e  d e g r e e  of th e  h ea l th  risk a s s o c i a t e d  with e a c h  m e th o d  
of w a s t e  m a n a g e m e n t .
High te m p e ra tu re  inc inera tion  o f h a z a r d o u s  w a s t e  is cu rren tly  
a  v iab le  a p p ro a c h  to this prob lem . As su c h ,  r e s e a rc h  n e e d s  to  b e  
d ire c te d  to w a rd s  d e v e lo p in g  a n  u n d e rs ta n d in g  of s o m e  fu n d am e n ta l  
q u e s t io n s  reg a rd in g  th e  co m p lex  c h e m ic a l  k ine tics  involved in th e  
inc inera tion  of h a z a r d o u s  c o m p o u n d s .  Specifically , o n e  w ould  like 
to know  w h a t  c h e m ic a l  s p e c ie s  a r e  c r e a te d  during  incinera tion ,
1
2w h a t  r e a c t io n s  a r e  involved in th e  c re a t io n  of t h e s e  s p e c i e s  a n d  
how  k inetics  c a n  b e  con tro lled  to  limit th e  p ro d u c tio n  of a  g iven  
s p e c ie s .  Of e q u a l  in te re s t  is the  d e g r e e  of d e s t ru c t io n  of th e  
h a z a r d o u s  w a s te  c o m p o n e n ts  of th e  fuel to  b e  in c in era ted .
A b e t t e r  u n d e rs ta n d in g  of th e  fu n d a m e n ta l  c h e m is try  involved 
in th e  high t e m p e r a tu r e  d e s tru c t io n  of c h lo r in a te d  c o m p o u n d s  is 
n e c e s s a r y  to a n s w e r  t h e s e  q u e s t io n s .  Any in c r e a s e d  u n d e rs ta n d in g  
of th is  c h e m is try  will u ltim ate ly  im p ro v e  th e  s t a t e  of te c h n o lo g y  in 
in c inera tio n . O n e  im m e d ia te  a p p lica t io n  of th is  in fo rm ation  will be  
in th e  im p ro v e m e n t  of th e  p r o c e s s  con tro l s t r a te g ie s  u s e d  in 
industr ia l  in c in e ra to rs .  O th e r  r e s u l ts  will b e  th e  im p ro v e m e n t  of 
in c inera to r  d e s i g n s  a n d  o p e ra t in g  c o n d it io n s . K n o w led g e  of th is  
fu n d a m e n ta l  c h e m is try  is a ls o  a n  im p ortan t  c o m p o n e n t  in th e  
a s s e s s m e n t  of th e  h e a l th  r isk s  a s s o c i a t e d  with inc inera tion .
A d e sc r ip t io n  of th e  s o m e  c o m p u ta t io n a l  a n d  e x p e r im e n ta l  
t e c h n iq u e s  cu rren tly  b e in g  u s e d  to a d d r e s s  t h e s e  i s s u e s  will b e  
p r e s e n te d  in th e  nex t sec tion . T h e  p ro p o s e d  c o u r s e  of s tu d y  for th is 
d i s s e r ta t io n  will th e n  b e  g iven .
1 .2 . L ITERA TU RE SU RV EY
T h e  s e r io u s  p ro b le m s  c o n ce rn in g  h a z a r d o u s  w a s t e  d isp o sa l  
h a v e  p ro m p te d  re c e n t  s tu d ie s  in inc inera tion  a s  a  s a f e  so lu tion  to 
th is p ro b lem . T h e s e  s tu d ie s  a d d r e s s  a  b ro a d  s p e c t ru m  of th e  
sc ien tif ic  a n d  e n g in e e r in g  q u e s t io n s  c o n c e rn in g  h a z a r d o u s  w a s te  
inc inera tio n  a n d  involve work o n  la rg e  s c a l e  industria l p r o c e s s e s  
th ro u g h  work on  th e  lab o ra to ry  b e n c h  s c a le .  T h e  p rac tica l q u e s t io n s
3of in te re s t  inc lud e  how  to  p re d ic t  in c in e ra to r  e ff ic ie n c ie s ,  how  to 
d e te rm in e  op tim al o p e ra t in g  co n d it io n s , a n d  how  to p r o p o s e  
e f f e c t iv e  c o n tro l  s t r a t e g i e s .
D e s p i te  t h e s e  e ffo r ts ,  t h e r e  is still ve ry  little u n d e rs ta n d in g  
of s o m e  fu n d a m e n ta l  q u e s t io n s  re g a rd in g  th e  c o m p lex  c h e m ic a l  
k ine tics  involved  in th e  c o m b u s tio n  of h a z a r d o u s  c o m p o u n d s .  
Specifica lly , o n e  w ould  like to know  w h a t  c h e m ic a l  s p e c i e s  a r e  
c r e a t e d  during  c o m b u s t io n ,  w h a t  re a c t io n s  a r e  involved  in th e  
c re a t io n  of t h e s e  s p e c ie s ,  a n d  how  th e  k ine tics  c a n  b e  c o n tro l led  to 
limit th e  p ro d u c tio n  of a  g iven  s p e c ie s .
O n e  s u c c e s s fu l  m e th o d  tha t  h a s  h e lp e d  in an a ly z in g  t h e s e  
p ro b le m s  in o th e r  a r e a s  of c o m b u s tio n  s c ie n c e  is th e  u s e  of d e ta i led  
kinetic  m o d e ls .  To s tu d y  t h e s e  q u e s t io n s  la rg e  s c a l e  c o m p u ta t io n a l  
m o d e ls  a re  u s e d ,  w hich utilize d e ta i le d  k ine tics  m e c h a n is m s .
D e ta iled  k inetic  m e c h a n i s m s  c o n s i s t  of la rg e  reac t io n  s e t s  a n d  a re  
u sua lly  m a d e  up  of rev e rs ib le  b inary  a n d  third b o d y  rea c t io n s .
T h e s e  m o d e ls  h a v e  b e e n  u s e d  to s tud y  a tm o sp h e r ic ,  
s to ic h io m e tr ic ,  m e th a n e /a i r  flat f l a m e s  (C o ffee , 1 9 8 4 ;  D ixon- 
Lewis, 19 81 ; W arn a tz ,  1981). T h e  c o m p u te d  so lu t io n s  of t h e s e  th re e  
d iffe ren t r e s e a r c h e r s  h a v e  a ls o  b e e n  c o m p a r e d  to  e x p e r im e n ta l  
m e a s u r e m e n t s  of t e m p e ra tu re ,  a n d  m ajo r  s p e c i e s  p ro files  (C offee , 
1984). All th r e e  d e ta i le d  kinetic m o d e ls  w e re  fo un d  to  b e  in 
e x c e l le n t  a g r e e m e n t  with e x p e r im e n t .  C o ffee  (1984) u s e d  two 
d e ta i le d  m e c h a n i s m s  em p loy ing  re v e rs ib le  e le m e n ta r y  re a c t io n s ,  
o n e  with 14 s p e c ie s  a n d  39  rea c t io n s  , a n d  o n e  with 2 0  s p e c ie s  a n d  
63  re a c t io n s  th a t  c o n ta in e d  C2 chem is try . T h e  m e c h a n ism  using  C 2 
c h e m is try  w a s  in b e t te r  a g r e e m e n t  with e x p e r im e n t  th a n  th e
4m e c h a n is m  w ithout it. D ixon-Lewis, a s  r e p o r te d  in C o ffee  (1984), 
u s e d  a  m e c h a n ism  with 18 s p e c ie s .  T his  reac tio n  s e t  w a s  th e  only 
o n e  tha t  p ro d u c e d  a  C O  p e a k  tha t  w a s  th e  s a m e  m ag n itu d e  a s  the  
e x p e r im e n ta l  p e a k .
W arn a tz  (1981), u s e d  a  m ec h an ism  with 23  s p e c ie s  a n d  50 
re a c t io n s ,  b u t  d id  not u s e  rev e rs ib le  re a c t io n s .  T h is  w ork  identified  
th e  s ig n if ic a n c e  of C 2 c h e m is try  in n e a r  s t io ch io m e tr ic  f la m e s ,  a n d  
e x te n d e d  th e  m o deling  effort to  a c c u ra te ly  p red ic t  th e  f lam e  
ve loc it ie s  of h igher  a lk a n e s  a n d  a lk e n e s  a t  1 .0  b a r .  O th e r  s u c c e s s fu l  
s im u la t io n s  in c lu d ed  th e  p red ic tion  of m a jo r  s p e c i e s  p rofiles  for a  
s tab ilized  C 2 H 2 / O 2 f lam e a t  0.1  bar, a  CH 4 / O 2 f lam e  a t  0.1  bar, a n d  
a  C 2 H 6 / O 2 f lam e  a t  0.1 bar. Both m ajor a n d  m inor s p e c i e s  profiles 
for a  s to ich io m etr ic  C 3 H g/a ir  f ree  f lam e  a t  0 .2 5  b a r  w e re  c o m p a re d  
to  ex p erim en t.  T h e  m ajor s p e c ie s  w e re  in g o o d  a g re e m e n t ,  a n d  the  
m inor s p e c i e s  w e re  re p o r te d  to b e  within th e  e x p e r im e n ta l  e rro rs .
At th e  N in e te en th  In terna tional C o m b u stio n  S y m p o s iu m , five 
d e ta i le d  k ine tics  m odeling  p a p e r s  w e re  p r e s e n te d  th a t  e x p a n d e d  the  
a r e a s  of a p p lica t io n  of d e ta i le d  m odeling  in c o m b u s tio n  r e s e a rc h .  
W e s tb ro o k  (1982) u s e d  a n  80  reac tio n  m e c h a n is m  to s tu d y  
inhibition e ffe c ts  of h a lo g e n a te d  c o m p o u n d s  on  h y d ro ca rb o n  
oxidation . T h e  inhibition w a s  found to  b e  th e  re su l t  of h a lo g e n  
c a ta ly za t io n  of H to  H2 , w hich effectively  re m o v e d  th e  H a to m s  
from th e  rad ical pool a n d  th u s  p roh ib ited  c h a in  b ra n c h in g  rea c t io n s .  
W estb roo k , e t  at. (1982), u s e d  2 6  s p e c ie s  a n d  93  re a c t io n s  to 
s im u la te  sh o c k  tu b e  pyrolysis  of C 2 H 4 a n d  th e  oxidation of C 2 H 4 in a  
flow r e a c to r .
5Levy, e t  al. (1982) a ls o  s tu d ie d  C 2 H 4 ox idation , to  d e te rm in e  
c o m b u s t io n  p a th w a y s  in th e  p o s t  f lam e  of fuel-rich  C 2 H 4 /a ir  flat 
f lam es . A 76  reac tion  m e c h a n ism  w a s  u s e d  to a c c u ra te ly  m odel 
a c e ty le n e ,  m e th a n e  a n d  H a to m  profiles in th e  p o s t  f lam e  
en v iro n m en t.  A reac t io n  ra te  a n a ly s is ,  w hich  t a b u la t e s  th e  
fo rm ation  a n d  d e p le tio n  ra te s  of e a c h  s p e c i e s  by reac tio n , w a s  
p e rfo rm ed . R e su l ts  w e re  g iven  for th e  re a c t io n s  a s  a  p e r  c e n t  of 
a n d  n e t  ra te  of fo rm ation  a n d  d ep le tio n  for th a t  s p e c ie s .
J .  Miller, e t  al. (1982) u s e d  a  100 reac tio n  m e c h a n ism  with 
C 1 / C 2 c h em is try  to m odel a c e ty le n e  oxidation . S im u la t io n s  of 
th r e e  flat f la m e s  w e re  m a d e ,  a n d  g o o d  q u a li ta t iv e  a g r e e m e n t  with 
e x p e r im e n t  w a s  fo und  for m ajor a n d  m inor s p e c ie s  profiles. M ore 
a c c u r a te  q u a n ti ta t iv e  s im u la t io n s  w e re  m a d e  for C 2 H 2 bu rn ing  
v e lo c it ie s  a n d  sh o c k  tu b e  induction t im es . W a rn a tz ,  e t  al. (1982) 
s tu d ie d  s ta b il iz e d  a c e ty le n e  flat f la m e s  u s in g  a n  ir rev e rs ib le  93  
re a c t io n  m e c h a n is m  with C 1/ C 2 / C 3 / C 4 ch em is try .  S im u la tio ns  
s h o w e d  g o o d  qu a li ta t iv e  a g r e e m e n t  with e x p e r im e n ta l  s p e c i e s  
profiles. C a lc u la t io n s  of f lam e  v e lo c it ie s  for a tm o s p h e r ic  C 2 H 2 / a i r  
f lam e  w e re  in g o o d  a g r e e m e n t  with e x p e r im e n t .
By 1984, m o d e ls  of h y d ro ca rb o n  oxidation up  to  o c ta n e  h ad  b e e n  
d e v e lo p e d  by W a rn a tz  ( 1 9 8 4 ). A 93  s te p  reac tion  w a s  u s e d ,  with 
C 1/ C 2 / C 3 chem is try . T h e  C 5/ C 6 / C 7/ C 8 c h e m is try  w a s  r e p r e s e n te d  
by a  fuel d ep le tio n  reac tion  for e a c h  s p e c i e s  to th e  c o rre sp o n d in g  
alkyl rad ica l.  T h e s e  reac t io n  r a t e s  w e re  e s t im a te d .  Fuel initiation 
re a c t io n s  w e re  th e n  follow ed by  a  s in g le  reac t io n  for d e c o m p o s i t io n  
to C3 a lk e n e s  for e a c h  alkyl radical. T h e s e  co m plex  re a c t io n s  w e re  
fo rm u la ted  using  th e  "one b o n d  rem o v e d  rule". T h e  reac t io n  ra te  for
6e a c h  irrevers ib le  c o m p lex  reac tio n  w a s  ta k e n  a s  th e  r a te  of n-butyl 
rad ica l d e c o m p o s i t io n .  F la m e  v e lo c it ies  w e re  p re d ic te d  for b u ta n e ,  
p ro p a n e ,  p e n ta n e ,  h e x a n e ,  h e p ta n e  a n d  o c ta n e .  All w e re  in g o o d  
a g r e e m e n t  with e x p e r im e n t .
D eta iled  k inetics h a v e  a lso  b e e n  u s e d  to  s im u la te  nitric ox ide  
fo rm ation  in a  w ell-s tirred  re a c to r  (G larborg , e t  al., 1986). A 134 
reac tion  C 1/C 2 m e th a n e  m e c h a n ism  w a s  u s e d  with a  179 reac tio n  
N/C/O/H m e c h a n ism . H e a t  lo s s  w a s  inc luded  in th e  ca lcu la tio n s , 
a n d  w a s  a d ju s te d  to m atch  e x p e r im e n t  u n d e r  lean  cond itions . T h e  
a u th o r s  felt th a t  NO fo rm ation  w a s  in s a t is fa c to ry  a g r e e m e n t  with 
e x p e r im e n t .  E x te n s iv e  u s e  of f irs t-o rder  sensitiv ity  a n a ly s i s  w a s  
m a d e  to  in te rp re t  th e  com p u ta t io n a l  re su l ts .  T h e  a u th o r s  felt, 
h o w ev er ,  th a t  th e  a n a ly s is  did not p rov ide  a n y  inform ation  a b o u t  th e  
a c tu a l  p a th w a y s  for p roduction  a n d  d e s tru c t io n  of s p e c ie s .  G.
Miller, e t  al. (1 988a), u s e d  th e  s a m e  N/C/O/H m e c h a n is m  a s  
G laborg , (1986), to  s tu d y  NO dep le tion  in th e  p o s t  f lam e  e n v iro n m en t 
of a  coal-fired  dow nflow  co m b u s to r .  H o m o g e n e o u s  NO d ep le t io n  w a s  
c a lc u la te d  a n d  found  to b e  th e  d o m in a n t  m e a n s  of NO d ep le tio n  for 
slightly  fuel-rich  c o m b u s t io n ,  s to ic h io m e tr ic  ra tio  (S .R .)  of 0 .8 ,  
while h e te r o g e n e o u s  e f fe c ts  w e re  fo und  to b e c o m e  in c reas in g ly  
im p o rtan t  for ve ry  fuel-rich, S .R . - 0 .4 ,  c o n d it io n s . O xida tion  of so o t  
by OH rad ica ls  o c c u r re d  in th e  le a n e r  f lam e, bu t  w a s  n o t im portan t 
for th e  very  fuel-rich f lam e. T h e  reac t io n  p a th w a y s  for 
h o m o g e n e o u s  N O  d ep le tio n  w e re  d e te rm in e d  in a  m a n n e r  sim ilar to 
Levy, e t  al. (1982).
A 4 3 2  reaction  m e c h a n ism  w a s  u s e d  to p red ic t th e  ignition de lay  
tim e of m ethyl ch lo ride , C H 3 CI, by D. Miller (1984). C a lcu la tion s
7w e re  a  fac to r  of two below  th e  ex p er im e n ta l  v a lu e s .  A pR  sp e c tru m  
a n a ly s is ,  w hich  ra n k s  th e  re a c t io n s  by n e t  reac t io n  ra te , w a s  u s e d  
to  identify th e  m ajo r reac tio n  p a th w a y s .  CHCI3 w a s  found to  
d e c o m p o s e  to CHCI2 a n d  Cl, which w a s  followed by hy d rogen  
a b s t ra c t io n  to form HCI. R ad ica l reco m b in a t io n  re a c t io n s  w e re  
b e lie v e d  to b e  re s p o n s ib le  for th e  la rge  q u a n ti t ie s  of C 2 *s m e a s u r e d .
D. Miller, e t  al. (1965), la te r  re p o r te d  c a lc u la te d  ignition d e la y  
t im e s  for C H 3 CI a n d  d ic h lo ro m e th a n e ,  C H 2 C L 2 , th a t  w e re  in m uch  
b e t te r  a g r e e m e n t  with e x p e r im e n t .  T h e  reac t io n  m e c h a n is m  for
t h e s e  s im u la t io n s  w a s  no t g iven , h o w ev er .
S im u la t io n s  of flat f la m e s  burn ing  c h lo r in a ted  m e th a n e s  a n d  
e th a n e s  h a v e  b e e n  m a d e  with in c reas in g  s u c c e s s .  C h a n g , e t  al.
(1985) u s e d  a  130 reac tion  m e c h a n is m  to s im u la te  a  lean  
t r ic h lo ro e th y le n e /o x y g e n  f la t f lam e , C 2 H C I3 / O 2 - 1 0 .5 /4 4 ,  in w hich  
m o le c u la r  diffusion w a s  ig n o red . T h e re  w a s  s o m e  qu a li ta t ive  
a g r e e m e n t  with e x p e r im e n t  a n d  th e  two s t a g e  c o m b u s tio n  s e e n  in 
th e  e x p e r im e n ts  w a s  re p ro d u c e d  by th e  m odel. T h e  m odel w a s  a lso  
u s e d  to  c a lc u la te  ignition d e la y  t im e s  with g o o d  s u c c e s s .
C h a n g ,  e t  al. (1986), la te r  u s e d  a  72  reac tion  m e c h a n ism  to
m o d e l  a n o th e r  le a n  t r ic h lo re th y le n e /o x y g e n  f la t f lam e ,
C 2 H C I3/ O 2 - 1 2 .5 /4 4 .8 , using  th e  SANDIA flat f lam e  p ro g ram . T he  
a u th o r s  s t a t e  th a t  th e  rea c t io n  r a te  for o n e  reac t io n  w a s  c h a n g e d  to 
o b ta in  g o o d  ignition d e la y  t im es . T h e  s im ula tion  of th e  flat flam e 
p r o d u c e d  e x c e l le n t  q u a li ta t iv e  a g r e e m e n t  with th e  m e a s u r e d  
s p e c i e s  p ro files . Q u a n ti ta t iv e  a g r e e m e n t  w a s  fair for th e  m ajor 
s p e c ie s ,  bu t b e t te r  for th e  s ta b le  in te rm e d ia te s .  T h e  e x p e r im e n ta l  
t e m p e r a tu re  profile w a s  u s e d  in th e  c a lc u la t io n s .
8D ich lo ro m eth an e  flat f lam e  s im u la tions  w e re  m a d e  by G. Miller, 
e t  al. (1988b), for two c a s e s ,  o n e  a  fuel-rich f lam e  with a  Cl/H 
ratio of 0 .3 3 , a n d  a  fue l- lean  f lam e with C I/H -0 .3 3 .  A 2 3 8  reac tion  
m e c h a n ism , which w a s  a  s u b s e t  of th e  m e c h a n ism  in D. Miller 
(1984), w a s  u se d .  For th e  first f lam e  th e  s ta b le  s p e c i e s  profiles, 
e x c e p t  for C O 2 , w e re  in e x ce llen t  a g re e m e n t .  Of th e  m inor s ta b le  
in te rm e d ia te s  only th e  c h lo r in a te d  m e th a n e s  w e re  in g o o d  
a g re e m e n t .  T h e  reaction  m e c h a n ism  did not well r e p r e s e n t  th e  C 2 
chem is try . T he  fuel- lean  f lam e  w a s  found  to b e  .2 m m  too  c lo s e  to 
th e  b u rn e r  for all s p e c ie s .  A reac tion  ra te  a n a ly s is  w a s  p e rfo rm ed  
a n d  th e  reac tion  p a th w a y s  w e re  show n .
K arra, e t  al. (1988) s im u la te d  a  fuel-rich C H 3 C I/C H 4 / O 2 
a tm o s p h e r ic  flat f lam e  u s ing  a  184  reac t io n  m e c h a n is m  a n d  th e  
SANDIA flat f lam e p ro g ram  (Kee, e t  al. 1985). A so lu tion  w a s  
o b ta in ed ,  bu t c o m p a r iso n  to  e x p e r im e n t  w a s  no t g o o d .  R e a s o n s  given 
for p o o r  a g re e m e n t  w e re  in a c c u ra c ie s  in th e  m e a s u r e d  te m p e ra tu re  
profile, p ro b e -b u rn e r  in te rac tion  be low  1 m m , a n d  a  failure  of th e  
e x p e r im e n ta l  d a t a  to  c o n s e rv e  c a rb o n  a to m s .  T h e  f la m e s  w e re  in the  
so o tin g  reg im e, a n d  all c a rb o n  exiting th e  flam e a s  s o o t  w a s  not 
m e a s u r e d .  A first o rd e r  sensitiv ity  a n a ly s is  w a s  p e r fo rm e d  on  th e  
c o m p u ta t io n a l  so lu tion , a s  w a s  a  reac tion  ra te  a n a ly s is .  T h e  only 
s p e c i e s  profiles r e p o r te d  w e re  for th e  m a jo r  s p e c i e s ,  e th a n e ,  
e th e n e ,  a n d  a c e ty le n e .
C h a n g  a n d  S e n k a n  (1988) m o d e le d  a  fuel-rich C 2 H C l3 / 0 2 /Ar 
a tm o s p h e r ic  flat f lam e. A 147  reac t io n  m e c h a n is m  w a s  u s e d  th a t  
c o n ta in e d  C i ,  C 2 , C 3 , C4 , a n d  Ce s p e c ie s .  C o m p a r iso n s  to  ex p e r im en t  
w e re  m a d e  for th e  m ajo r  s p e c i e s  a n d  for tw elve  s ta b le
in te rm e d ia te s .  A g re e m e n t  b e tw e e n  c a lcu la t io n  a n d  e x p e r im e n t  w a s  
g o o d  for all m a jo r  s p e c ie s .  A g re e m e n t  for th e  s ta b le  in te rm e d ia te s  
w a s  g o o d  for C 2 C L 4 (m ax. e x p e r im e n ta l  v a lu e - 0 .0 2  mol fraction), 
C C I4 (0 .015), COCI2 (0 .175), CHCI2COCI (0 .0 1 ), C3Cl6 (0 .005), a n d  
C 4CI6 (0 .0035). F o r th e  s p e c ie s  C 2 CI6 (0 .0014), CCI3 COCI (0 .007), 
C 3 HCI5 (0 .0004), C 2 CI2 (0.07), CH 3 CI (0.004), a n d  C 2 HCI5 (0 .0 0 2 ) the  
c a lc u la te d  profiles  w e re  n o t in a s  g o o d  a g re e m e n t ,  a n d  th e  la tte r  
th r e e  c a lc u la te d  p e a k  v a lu e s  w e re  o v e r  a n  o rd e r  of m a g n i tu d e  below  
e x p e r im e n t .
D e sp i te  th e  lack of a g r e e m e n t  for a  few  of th e  s ta b le  
in te rm e d ia te s ,  th is  w ork m u s t  b e  c o n s id e r e d  a  g r e a t  s u c c e s s  in its 
ability to  a c c u ra te ly  s im u la te  e x p e r im e n t .  T h e  rea c t io n  m e c h a n is m  
u s e d  w a s  su b s ta n t ia l ly  d ifferen t from  th e  m e c h a n is m  in C h a n g ,  e t  at.
(1986). O n e  m ajor c h a n g e  w a s  th e  u s e  of Q RRK  (Q u an tum  Rice- 
R a m p s p e r g e r -K a s s e l )  th eo ry  for d e te rm in in g  th e  r a te  p a r a m e t e r s  for 
th e  u n im o le cu la r  re a c t io n s ,  e v a lu a te d  a t  1 a tm . T h re e  b im o lecu la r  
ad d it io n  r e a c t io n s  a n d  t h r e e  b im o le c u la r  re c o m b in a t io n  r e a c t io n s  
w e re  a lso  e v a lu a te d  using  a  b im olecu lar  v e rs ion  of Q R R K  theory .
D esp ite  th is  w ea lth  of sc ientific  s u c c e s s ,  a  limitation of th e  
applicab ility  of d e ta i le d  k inetic  m o d e lin g  to  full s c a l e  c o m b u s t io n  
s y s te m s  h a s  b e e n  previously  s ta te d .  O v er  ten  y e a r s  a g o  Dryer a n d  
G la s s m a n  (1978) r e c o g n iz e d  th a t  " the  n u m erica l  c o m p le x i t ie s  a n d  
c o d e  s iz e  req u ire d  to m o d e l rea l e n e rg y  c o n v e rs io n  s y s te m s  with 
la rg e  d e ta i le d  m e c h a n is m s  re m a in s  prohibitive." E ven  to d a y 's  
c o m p u te r  r e s o u r c e s  a r e  n o t  la rge  e n o u g h  to c o n s id e r  d e ta i le d  
m o d e lin g  of a n  industria l inc inera to r.
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An a lte rn a t iv e  to  d e ta iled  Kinetics is th e  u s e  of g lobal a n d  
q u a s ig lo b a l  k inetics. Arnowitz, e t  al. (1979), u s e d  a  tw o  s t e p  
g lo b a l  m e c h a n is m  to s im u la te  m e th an o l  ox idation  in a  tu rb u len t  
flow rea c to r .  T h e  g lobal reaction  r a te s  w e re  d e v e lo p e d  by us in g  th e  
e x p e r im e n ta l  r e s u l ts  to  c a lc u la te  th e  g lo ba l  r a te  c o n s t a n t  in th e  
following m a n n e r .  First, th e  n e t  reac tion  ra te  for th e  fuel w a s  
c a lc u la te d  from th e  d a ta .  Next, a  g lobal reac tion  ra te  w a s  
fo rm u la ted  a s  a  function of th e  ra te  c o n s ta n t  t im e s  th e  fuel a n d  
o x y g e n  s p e c i e s  c o n c e n tra t io n s .  Finally, th e  ra te  c o n s ta n t  w a s  
c a lc u la te d  us ing  th e  e x p e r im e n ta l  s p e c i e s  profiles to  d e te rm in e  the  
s p e c i e s  c o n c e n tr a t io n s .
C offee , e t  al (1983), fo rm ula ted  a  o n e  s t e p  reac tion  m odel to 
s im u la te  e x p e r im e n ts  for an  o z o n e  d e c o m p o s i t io n  f lam e, a  
h y d ro g e n /a ir  flam e, a n d  a  m e th a n e /a i r  f lam e. T h e  g lobal ra te  
c o n s ta n t s  w e re  o b ta in e d  from th e  overa ll  h e a t  r e l e a s e ,  w hich  w a s  
o b ta in e d  from  a  d e ta i le d  k ine tics  m odel for e a c h  f lam e.
A pplica tions of th e  o n e  s te p  m odel w e re  m a d e  a n d  c o m p a re d  to 
e x p e r im e n t  with limited s u c c e s s ,  a n d  a  d ifferen t g lob a l  r a te  h a d  to 
b e  u s e d  for e a c h  s to ich iom etry  for th e  m e th a n e  f la m e s .
A four s te p  reaction  s c h e m e  w a s  d e v e lo p e d  by H au tm an , e t  al.
(1981) for a liphatic  h y d ro ca rb o n  oxidation . T h e  s t e p s  w e re ;  fuel 
d e c o m p o s i t io n  to  e th e n e ,  oxidation  of e th e n e  to  C O  a n d  H2 , oxidation 
of CO, a n d  oxidation  of H2 . E xperim en ta l  re su l ts ,  including n e t  
reac t io n  r a te s ,  w e re  u s e d  to  c o r re la te  th e  g lo ba l  ra te  c o n s ta n t .
P re d ic t io n s  of s h o c k  tu b e s  a n d  flow re a c to r s  w e re  in g o o d  
a g r e e m e n t  with e x p e r im e n ta l  re s u l ts .
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W e stb ro o k  a n d  Dryer (1981) d e te rm in e d  g lobal reac tion  ra te  
c o n s ta n t s  for n in e te e n  d ifferen t h y d ro c a rb o n  fuels . T h e  g lobal ra te  
c o n s t a n t s  w e re  s e t  by a s s ig n in g  th e  p rex p o n e n tia l  fac to r  a  v a lu e  
w hich  co rrec tly  p re d ic te d  th e  f lam e  velocity  for a n  a tm o s p h e r ic ,  
s to ich io m etr ic  f lam e. A two s t e p  reac t io n  m e c h a n is m  w a s  a ls o  
u s e d  to inc lude  C O  oxidation . A s e t  of tw e n ty -o n e  rev e rs ib le  
e le m e n ta ry  re a c t io n s  w a s  inc lu ded  with th e  g loba l re a c t io n s  to 
form  "quas ig loba l"  reac t io n  s c h e m e s  sim ilar to  th o s e  d e v e lo p e d  by 
E d le m a n  a n d  F o rtu n e  (1969). T he  q u as ig lo b a l  reac tion  s e t  of 
W es tb ro o k  a n d  Dryer (1981) h a d  only m o d e ra te  s u c c e s s  in 
c o m p a r is o n s  of ca lcu la t io n  a n d  e x p e r im e n t  for a  m e th a n o l /a i r  
f lam e; how ever, th e  profiles for th e  rad ica ls  H, O, a n d  O H  cou ld  b e  
c a lc u la te d  a n d  s h o w e d  g o o d  qua li ta t ive  a g r e e m e n t  with e x p e r im e n t .
A pplica tions of g lobal ra te  th e o r ie s  h a v e  b e e n  m a d e  to  th e  
oxidation  a n d  pyrolysis of s o m e  ch lo r ina ted  c o m p o u n d s .  B o se  a n d  
S e n k a n  (1983) fo rm u la te d  a  q u a s ig lo b a l  reac t io n  s c h e m e  for 
t r ic h lo ro e th y le n e  ox idation , w hich c o n s i s t e d  of a  tw o  re a c t io n  s t e p  
m odel for fuel dep le tio n  a n d  C O  oxidation , a n d  a  s e r ie s  of 
e le m e n ta ry  rea c t io n s .  H ow ever, no  reac t io n  r a te  c o n s t a n t s  w e re  
d e v e lo p e d .
Dellinger, e t  al. (1985) a n d  Dellinger, e t  al. (1984), h a v e  
d e te rm in e d  g lo ba l  r a te  c o n s t a n t s  for th e  py ro ly s is  of tw en ty  
c h lo r in a te d  s p e c i e s  u s ing  n e t  reac t io n  r a te  d a t a  ta k e n  from th e rm a l 
d e co m p o s i t io n  profiles for e a c h  fuel in air. L ee , e t  al. (1979) 
fo rm u la te d  g lobal ra te  c o n s ta n t s  for th e  ox id a tion  of four 
c o m p o u n d s  in a  plug flow rea c to r .  T h e  first o rd e r  reac t io n  r a te s  
th a t  c o n ta in  t h e s e  ra te  c o n s ta n t s  d o  not inc lude  o x y g en
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c o n c e n tra t io n ,  h o w e v e r ,  a n d  a p p lica t io n  to  th e rm a l  ox idation  
m o d e ls  is limited.
W olbach  a n d  G a rm a n  (1984) u s e d  a  g lobal reac tion  ra te  to s tudy  
c a r b o n  te t ra c h lo r id e  ox ida tion  in a  p o s tf la m e  fu rn a c e  e n v iro n m en t.  
L im ita tions of th e  a p p lica t io n  to ju s t  t h e  p o s t f la m e  reg io n  
p ro h ib ited  q u a n ti ta t iv e  c o m p a r is o n  of th e  c a lc u la t io n s  to  th e  
m e a s u r e m e n t s .
A n o th e r  a p p ro a c h  to reduc in g  la rge  reac t io n  m e c h a n is m s  to a  
sm all n u m b e r  of g lobal r e a c t io n s  w a s  d e v e lo p e d  by P e te r s  a n d  
co w o rk e rs .  A four reac tion  global s c h e m e  w a s  d e d u c e d  to r e p r e s e n t  
m e th a n e  oxidation  in a  d iffusion f lam e by P e te r s  a n d  K e e  (1987).
T h e  g loba l re a c t io n s  w e re  fo rm u la te d  by s tu d y in g  th e  so lu t io n s  of 
m e th a n e  f la m e s  o b ta in e d  by from la rg e  e le m e n ta ry  reac t io n  s e t s .
T h e  reac tion  s e q u e n c e  w a s  first b ro k en  dow n  into s e v e n  g ro u p s  of 
r e a c t io n s  th a t  r e p r e s e n te d  m e th a n e  ox ida tion  us ing  only th e  C i -  
cha in . T h e s e  g ro u p s  w e re :  1) CH 4 initiation, 2) fo rm a ld e h y d e  
fo rm ation , 3) fo rm a ld e h y d e  d ep le tio n ,  4) C H O  d ep le tio n , 5) c a rb o n  
m o n o x id e  ox idation , 6 ) h y d ro g e n -o x y g e n  re a c t io n s ,  a n d  7) cha in  
b reak in g  re a c t io n s .  T h e s e  s e v e n  g ro u p s  w e re  r e p r e s e n te d  by 
e ig h te e n  e le m e n ta ry  re a c t io n s  a n d  th ir tee n  s p e c i e s ,  w hich  d e s c r ib e d  
a  p a th w a y  from  fuel to p ro d u c ts .
T his  m e c h a n is m  w a s  fu rther  r e d u c e d  to th e  four m e c h a n ism  
g lobal s e t  by  u s ing  s t e a d y  s t a t e  a n d  partia l  equilibrium  
a p p ro x im a tio n s .  Six s p e c i e s  w e re  a s s u m e d  to b e  a t  s t e a d y  s ta te .
T h e s e  w e re  OH, O, H O 2 , CH3 , CH2O, AND CHO. It w a s  found tha t  th e  
reac tio n  r a te s  of th e  rem ain ing  s e v e n  s p e c ie s  co u ld  b e  r e p r e s e n te d  
by n ine  of th e  orig inal e ig h te e n  re a c t io n s .  S to ich io m etr ic
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c o n s id e ra t io n s  th en  led  to  th e  fo rm ation  of th e  four reac t io n  g lobal 
s c h e m e .  T h e  reac t io n  r a t e s  for t h e s e  g lobal r e a c t io n s  w e re  written 
in te rm s  of th e  n ine  rem ain ing  e le m e n ta ry  reac tion  r a t e s  a n d  th e  
s p e c i e s  c o n c e n tra t io n s  of th e  rem ain ing  s e v e n  s p e c ie s .  T h e  
c o n c e n tra t io n  of H w a s  found  from e le m e n ta l  c o n se rv a t io n .  T he  
re su l t  is a  four s t e p  m e c h a n ism  co n ta in in g  s e v e n  s p e c ie s :
C H 4 + 2 H + H20  — -> C O  + 4 H 2 (1.1)
C O  + H20  — > C 0 2 + H2 (1 .2 )
2H + M —  -> H2 + M (1.3)
0 2 + 3H 2 — > 2H + 2H 20  (1.4)
T h e  g lobal m e c h a n is m  w a s  u s e d  to s im u la te  a  diffusion f lam e  
in front of a  p o ro u s  cy linder. C o m p a r is o n s  to e x p e r im e n t  w e re  m a d e  
for t e m p e ra tu re  a n d  velocity  profiles, a n d  for CH 4 , 0 2 , C O , C 0 2 , H2( 
a n d  H20  profiles. T h e  c o m p u ta t io n a l  re su l ts  w e re  in g o o d  a g re e m e n t  
w ith  e x p e r im e n t .
It rem a in s  to  b e  s e e n  how well a  p ro c e d u re  of th is  ty p e  c a n  b e  
utilized in red uc ing  m o re  co m p lex  reac t io n  m e c h a n is m s .  T h e s e  
w ould  inc lude  reac t io n  s y s te m s  involving C 2 s p e c ie s ,  s u c h  a s  n e a r  
s o o t in g  f lam es ,  a n d  th o s e  involving m o re  c o m p l ic a te d  fuel s y s te m s .
P e t e r s  a n d  W illiam s (1987) r e d u c e d  th is  four s t e p  m e c h a n is m  
to a  th r e e  s te p  m e c h a n ism  by elim inating s te p  (1.3). This w a s  d o n e  
by a s s u m in g  th a t  a  s t e a d y  s ta te  e x is ts  for H a t  sufficien tly  high
1 4
p r e s s u r e s .  A ssu m in g  a n  a sy m p to t ic  s t ru c tu re  for th e  f ia m e s ,  th e  
th r e e  s t e p  m e c h a n is m  w a s  u s e d  to  s tu d y  p re m ix e d  s to ich io m etr ic  
m e th a n e  f la m e s  a t  high te m p e r a tu re s  a n d  p r e s s u r e s .  No c o m p a r is o n s  
w e re  m a d e  to  e x p e r im e n t  for th is m e c h a n is m .
P e te r s  a n d  S e s h a d r i  (1988) u s e d  th e  four s te p  m e c h a n ism  to 
s tu d y  m e th a n e -a i r  p re m ix e d  f la m e s .  An a sy m p to t ic  s t ru c tu re  for 
t h e s e  f lam es  w a s  a lso  a s s u m e d .  Again, no  c o m p a r is o n s  w e re  m a d e  
to e x p e r im e n t ,  a n d  th e re fo re  the  m e c h a n is m  w a s  no t v a lid a te d  for 
p re m ix e d  f la m e s .
C h en  (1988) d e v e lo p e d  a  m e th o d  for p roducing  re d u c e d  
m e c h a n i s m s  from la rger  e le m e n ta ry  reac t io n  m e c h a n is m s .  T he  
red u c t io n  s t a r t s  by  first finding in te rm e d ia te  s p e c i e s ,  S , for which 
in d e p e n d e n t  re la tion sh ip s  c a n  b e  found . Next, a n y  reac tion  th a t  d o e s  
no t involve a n y  of th e  S  s p e c ie s  c a n  b e  e lim in a ted  from th e  re d u c e d  
m e c h a n is m  p rov ided  the  reac tion  is "fast" e n o u g h  th a t  it c a n n o t  b e  a  
rate-lim iting s te p .  No a p p lica t io n  of th is  m e th o d  w a s  a t te m p te d .
To in v e s t ig a te  th e  c o m p lex  c h e m is try  fo u n d  in industria l 
inc inera to rs ,  th e  r e s e a r c h  g ro u p  of C undy , e t  al. (C undy, e t  al., 1987; 
S e n s e r ,  e t  al., 1987; S e n s e r ,  1985; M orse , 1988) h a v e  p e rfo rm ed  flat 
f la m e  e x p e r im e n ts  burn ing  c h lo r in a te d  m e t h a n e s  in a  m e th a n e ,  air 
fuel. T h e  c h lo r in a te d  m e th a n e s  w e re  s e l e c te d  for s tu d y  s in c e  th ey  
a r e  th e  m o s t  fu n d a m e n ta l  s t a b le  in te rm e d ia te  in a n y  c h lo r in a te d  
inc inera tion  p r o c e s s .  T his  m a k e s  a n  u n d e rs ta n d in g  of c h lo r in a te d  
m e th a n e s  o n e  of th e  m o s t  b a s ic  c o m p o n e n ts  in d e te rm in in g  th e  
c h e m is try  of th e  inc inera tio n  of c h lo r in a te d  c o m p o u n d s .
T h e s e  e x p e r im e n ts  w e re  c a rr ied  o u t in a  m e th a n e ,  a ir 
e n v iro n m e n t  to  s im u la te  th e  c o m b u s t io n  c o n d it io n s  in a n  a c tu a l
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incinera to r. T h e re ,  m e th a n e  is u s e d  to  c r e a t e  a  h igh te m p e ra tu re  
e n v iro n m e n t  in w hich to  d e s t ro y  th e  w a s te  m ate r ia l .
A flat f lam e  is a  c o n v e n ie n t  e x p e r im e n ta l  s y s te m  s in c e  it 
a p p ro x im a te s  a  o n e -d im e n s io n a l  sy s te m . A s c h e m a t ic  d ia g ra m  of a  
flat f lam e  is sh o w n  in F igure  1-1. It is p r e s u m e d  th a t  th e re  a r e  no 
g ra d ie n ts  in th e  radial d irec tion , a n d  so  m e a s u r e m e n ts  n e e d  only b e  
ta k e n  in th e  axial d irec tion , th ro u g h  th e  c e n te r  of th e  flam e.
S e n s e r  (198 5 )  s tu d ie d  d ic h lo r o m e th a n e /m e th a n e /a i r  f l a m e s  
o v e r  a  r a n g e  of s to ich io m etr ie s  a n d  ch lo rine  load ings . T h e  s tu d y  
c o n s i s t e d  of six d iffe ren t fu e ls  in th e  e x p e r im e n ta l  m atrix  sh o w n  in 
T a b le  1 - 1 .
Table 1-1. Experimental Matrix for CH2 CI2 .
Fuel Equivalence Ratio1 = 0.80 1.00 1.10
Chlorine/Hydrogen = 0 . 0 6  X
Chlorine/Hydrogen = 0 . 3 0  X X X
Chlorine/Hydrogen = 0 . 7 0  X
, rr 1 C ~ 1 7 7  (FueltoairRatio)actual1 Fuel Equivalence Ratio =  ------------ ;------- —r— = = —
(Fuel to  a i r  R&tio)stoiCiiiomctric
M o rs e  (1 9 8 8 )  in v e s t ig a te d  c a r b o n  t e t r a c h lo r id e /m e th a n e /a i r  
f la m e s  o v e r  a  s im ila r r a n g e  of s to ic h io m e tr ie s  a n d  ch lo r in e  
lo ad in g s .  T h e  e x p e r im e n ta l  m atrix  for th e  c a rb o n  te t ra c h lo r id e  fue ls  
is sh o w n  in T ab le  1-2.
1 6








PREMIXED FUEL AND AIR
1 7
T h e  re s u l ts  o b ta in e d  from  th is  s e t  of e x p e r im e n ts  p ro v id ed  an  
insigh t to  th e  c h e m is try  involved, b u t  th e  a n a ly s is  w a s  lim ited to 
s ta b le  in te rm e d ia te  s p e c ie s .  To ga in  a  d e e p e r  u n d e rs ta n d in g  of th e  
c h e m is try ,  sp ec if ica lly  th e  a s s o c i a t e d  rad ic a l  c h e m is try ,  m ode lin g  
e ffo r ts  a r e  re q u ire d .
Table 1-2. Experimental Matrix for CC14.
Fuel Equivalence Ratio = 0.70 1.00 1.17
Chlorine/Hydrogen = 0.07 X
Chlorine/Hydrogen = 0.30 X X X
Chlorine/Hydrogen - 0.60 X
1.3 . PR O PO SE D  WORK
In th e  p r e s e n t  w ork a  flat f lam e  m odel is u s e d  in con junc tion  
with a  d e ta i le d  k ine tics  m e c h a n is m  to s im u la te  e x p e r im e n ta l  flat 
f la m e s  bu rn ing  c h lo r in a te d  m e th a n e - m e th a n e - a i r  fu e ls .  T h e  
m e c h a n is m  u s e s  5 8  s p e c ie s  a n d  341 rea c t io n s .  D e v e lo p m e n t  of th e  
m odel is g iven  a n d  m e th o d s  of d a ta  a n a ly s is  a re  d i s c u s s e d .  T he  
r e s u l ts  of th e  s im u la t io n s  a r e  c o m p a r e d  to  e x p e r im e n ta l  
m e a s u r e m e n t s  a n d  u s e d  to d e v e lo p  reac t io n  p a th w a y s  th ro u g h  th e  
f l a m e .
T his  w ork h a s  b e e n  d e s ig n e d  to a d d r e s s  th e  following p ro b lem s 
th a t  h a v e  not y e t  b e e n  su c c e ss fu l ly  in v es tig a te d .  First, th e
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c o m p u te r  e x p e r im e n ts  s h o u ld  c r e a t e  a n  e le m e n ta ry  reac tio n  
m e c h a n ism  th a t  c a n  b e  u s e d  for a  varie ty  of fuels . In th is  c a s e  all of 
th e  c h lo r in a te d  m e th a n e s  will b e  inc luded . M e c h a n is m s  cu rren tly  
ex is t  th a t  c a n  b e  u s e d  for a  varie ty  of fuels , bu t  no  m e c h a n ism  is 
a v a i lab le  th a t  c a n  b e  u s e d  for m o re  th a n  o n e  ch lo r in a ted  s p e c ie s .
T h e  reac tio n  s c h e m e  m u s t  b e  a b le  to a c c u ra te ly  s im u la te  a  
c o m p le x  c h lo r in a te d  f lam e  involving a  c h lo r in a te d  fuel in a  
m e th a n e /a i r  en v iro n m en t.  No m odel, o th er  th an  th e  o n e  d e v e lo p e d  
for th is  p ro jec t,  h a s  a c c u ra te ly  s im u la te d  a  c h lo r in a te d  
h y d ro c a rb o n /m e th a n e /a i r  f lam e. T h e  capab ili ty  to m o del th e  
c h lo r in e /m e th a n e  fuel s y s te m  is a  n e c e s s a r y  s te p  in o b ta in in g  
in form ation  on  industria l in c in e ra to rs ,  s in c e  t h e s e  u s e  n a tu ra l  g a s  
to  su p p o r t  th e  inc inera tio n  of h a z a r d o u s  m a te r ia ls .
An im m e d ia te  app lica tion  of th is  work will b e  to  c r e a t e  a  
m odel from  w hich  g lobal rea c t io n  s c h e m e s  c a p a b le  of s im u la tin g  
c o m p lex  c h lo r in a te d  c h em is try  m ay  b e  fo rm u la ted . G lobal m o d e ls ,  
fo rm u la te d  in th is  m a n n a r ,  th a t  cu rren tly  offer th e  b e s t  c h a n c e  of 
be in g  a b le  to p ro v id e  th e  c h em is try  c o m p o n e n t  of th e  full th re e  
d im e n s io n a l  m o d e ls  re q u ire d  to  s im u la te  a c tu a l  in c in e ra to rs .
It is a ls o  h o p e d  th a t  th is  w ork  will d e m o n s t r a t e  th a t  th e  
in form ation  g a in e d  in s im u la ting  inc inera tion , c a n  s h e d  s o m e  light 
on  th e  re la tionsh ip  b e tw e e n  fuel m a k e -u p  a n d  h a z a r d o u s  c o m p o n e n t  
d e s tru c t io n  in a  co m plex  ch lo r in a ted  flam e. E ven  th o u g h  t h e s e  
s im u la tio n s  a r e  of a  b e n c h  s c a l e  e x p e r im e n t ,  th e  so lu t io n s  sh o u ld  
g ive  a n  ind ication  of th e  co n d it io n s  lea d in g  to  op tim al d e s t ru c t io n  of 
a  w a s t e  c o m p o n e n t .  This inform ation will e n a b le  r e s e a r c h e r s  a n d
1 9
p ra c t i t io n e rs  to a s s e s s  c u r re n t  con tro l s t r a te g ie s ,  a n d  to  fo rm u la te  
m o re  e ffec tiv e  o n e s .
To th e  e x te n t  it is su c c e s s fu l ,  t h e  m o de l will g iv e  q u an ti ta t iv e  
in form ation  reg a rd in g  w h a t  s p e c i e s  a r e  c r e a t e d  in t h e s e  f lam es ;  a s  
well a s  th e  m axim um  v a lu e s  of t h e s e  s p e c ie s ,  a n d  w h e re  th e s e  
m a x im a  o c c u r  in th e  f lam e. T h is  inform ation will h e lp  d e te rm in e  
th e  m ax im u m  po ten tia l  d a n g e r  th a t  c a n  o c c u r  d u e  to  t rea t in g  
ch lo r in a te d  m e th a n e s  by  high te m p e ra tu re  inc inera tion . This will b e  
e s p e c ia l ly  e ffec tive  in e v a lu a t in g  rad ica l s p e c i e s  a n d  s ta b le  
in te rm e d ia te s  th a t  c a n  not b e  m e a s u r e d  by c o n v en tio n a l  m e a n s .
T h e  co n d it io n s  of th e  e x p e r im e n ta l  f la m e s  to  b e  s im u la te d  a re  
g iven  in T ab le  1-3. T h e  nam ing  co n ven tio n  in T ab le  1-3 will b e  u s e d  
th ro u g h o u t  th is  work.
Table 1-3. N am es and Fuel Conditions for the Experimental 
Cases Being Studied.
Case Fuel Cl/H <t> Mass Flux
(G/cm^/sec)
Case A-l CH2CI2 /CH4 0.33 0.772 0.00914
Case A-2 CH2CI2 /CH4 0.72 0.78 0.00914
Case A-3 CH2CI2 /CH4 0.33 1 . 1 0 0.00914
Case A-4 CH2CI2 /CH4 0.34 1 . 0 1 0.00914
Case A-5 CH2CI2 /CH4 0.062 0.81 0.00914
Case B-l CCI4 /CH4 0.337 1 . 0 2 0.00914
Case B-2 CCI4 /CH4 0.311 1.17 0.00914
Case B-3 CCI4 /CH4 0.318 0.75 0.00914
Case B-4 CCI4/CH4 0.073 0.95 0.00914
Case B-5 CCI4 /CH4 0.613 0.91 0.00914
2. DEVELOPMENT OF THE COMPUTER MODEL
2.1 . BACKGROUND
This p ro jec t  w a s  s ta r te d  us ing  a  c o m p u te r  p ro g ra m  o b ta in e d  
from Dr. J u rg e n  W arna tz , which w a s  sim ilar to  th e  o n e  h e  h a d  u s e d  
to  s im u la te  m e th a n e  a n d  e th a n e  flat f la m e s  [W arna tz  1981]. T h e  
p ro g ra m  w a s  u s e d  o v e r  a  p e r io d  of tw elve  m o n th s  to  s im u la te  
m e th a n e  f la m e s  a n d  m ethyl ch lo ride  flat f lam es .  T h e  m e th a n e  flam e 
c a lc u la t io n s  w e re  p e rfo rm ed  to  e n s u r e  th a t  th e  p ro g ra m  w a s  
w o rk in g  e f fe c t iv e ly .
T h e  m e th a n e  m e c h a n is m  c o n s i s te d  of 133  re v e rs ib le  re a c t io n s  
a n d  3 8  s p e c i e s  [Miller, 1984]. Of th e s e ,  two re a c t io n s  w e re  c h a n g e d  
to  ir rev e rs ib le  re a c t io n s .  T h e  r e v e r s e  rea c t io n  r a t e s  for t h e s e  two 
re a c t io n s  c a u s e d  th e  c o m p u te r  so lu tion  to  d iv e rg e ,  a s  t h e s e  r e v e r s e  
rea c t io n  r a t e s  w e r e  un rea lis tica lly  la rg e . T h e  r e v e r s e  re a c t io n  
r a t e s  w e re  c a lc u la te d  from th e  equilib rium  c o n s ta n t ,  s e e  S e c t io n
2 .6 .1 . W h en  re a c t io n s  a r e  written in th e  e n d o th e rm ic  d irec tion  th e  
c a lc u la te d  r e v e r s e  reac tion  r a te s  c a n  b e  m u ch  la rg e r  th a n  th e  
fo rw ard  ra te s .  This w a s  found  to  b e  th e  c a s e  for t h e s e  two 
re a c t io n s .  After c h a n g in g  t h e s e  two re a c t io n s  to b e  ir revers ib le , a  
s im u la t io n  of a  s to ic h io m e tr ic  m e th a n e /a i r  flat f lam e  w a s  
p e r f o r m e d .
T h e  p ro b lem  with r e v e r s e  reac tion  r a te s  p o in ted  o u t  th e  n e e d  
to  s c r e e n  all th e  re a c t io n s  be ing  u s e d  to  e n s u r e  th a t  th e  fo rw ard  
reac t io n  r a t e s  did not p ro d u c e  a n  u n rea l is tic  r e v e r s e  rea c t io n  ra te .  
T h e  p ro b lem  w ould  la te r  c a u s e  difficulties in o b ta in ing  c o n v e r g e n c e
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for m o re  c o m p lex  reaction  s y s te m s .  A m o re  r ig o ro u s  m e th o d  of 
s c r e e n in g  re a c t io n s  w ould  h a v e  to  b e  im p le m e n te d  b e fo re  th e  
p ro b lem  w a s  finally re so lv ed .  All r e a c t io n s  w e re  first t e s t e d  to 
d e te rm in e  if th e y  w e re  written  in th e  e x o th e rm ic  d irec tion . T h o se  
r e a c t io n s  no t w ritten  in th e  e x o th e rm ic  d irec tio n  w e re  c lo se ly  
sc ru t in ize d  o v e r  a  te m p e ra tu re  r a n g e  of 3 0 0  K to  2 5 0 0  K to e n s u re  
th e  r e v e r s e  reac tion  r a t e s  w e r e  rea lis tic . R e a c t io n s  w ritten  in th e  
e x o th e rm ic  d irec tion  a r e  p re fe r re d ,  [Sm ith 1988], to  k e e p  th e  
r e v e r s e  rea c t io n  ra te  sm a l le r  th a n  th e  fo rw ard  rea c t io n  ra te .
S im u la t io n s  of m ethyl ch lo r id e  flat f la m e s  w e r e  tr ied  next. 
H o w ev er , c o n v e r g e n c e  of t h e s e  so lu t io n s  w a s  n e v e r  sa t is fac to ry .  
E ven  th o u g h  th e  c o m p u te r  p ro g ra m 's  c o n v e rg e n c e  c rite r ia  w a s  m et, 
t h e  so lu tion  did not ac tua lly  c o n v e rg e .  R a th e r ,  th e  so lu tion  kep t 
c h a n g in g  a s  m o re  tim e s t e p s  w e re  tak en . This c o n v e r g e n c e  prob lem  
w a s  la te r  found  to  b e  d u e  to  d i s c r e p a n c ie s  in th e  m e c h a n ism .
At th is  t im e  th e  d irec tion  of th e  p ro jec t  c h a n g e d .  T h e  u s e  of 
th e  W a rn a tz  p rog ram  w a s  no  long er  a llow ed, a n d  a  n ew  c o m p u te r  
p ro g ra m  w a s  im p lem en ted . T h e  n ew  so f tw a re  w a s  th e  G e n e ra l  
F la m e  A nalysis  P ro g ra m  from E n erg y  a n d  E n v ironm en ta l  R e s e a rc h  
C orpora tion , (EERC), [Kau a n d  T yson , 1981].
T his  p ro g ram  is c a p a b le  of m odeling  flat f la m e s ,  a n d  w a s  u s e d  
to  s im u la te  a  s t io ch io m etr ic  m e th a n e /a i r  f lam e. C o n v e r g e n c e  w a s  
m u ch  fa s te r  th an  th e  W a rn a tz  p ro g ram , w h e n  c o n v e r g e n c e  occu rred . 
T h e re  w a s  o n e  prob lem  ho w ever .  E ven  for th e  s im p le  m e th a n e  
s y s te m ,  c o n v e r g e n c e  w a s  fo und  to  b e  ve ry  s e n s i t iv e  to  th e  initial 
s ta r t in g  c o n d it io n s .  F inding a  s e t  of initial c o n d it io n s  th a t  p ro d u c e d  
c o n v e r g e n c e  for th is  c a s e  took  c o n s id e r a b le  tim e.
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A su g g e s t io n  w a s  m a d e  [Bow en 1986] th a t  th e  flat f lam e  
p ro g ram  from SANDIA L ab o ra to r ie s  [Kee e t  al 1985] b e  u se d .  This 
p ro g ram  w a s  o b ta in e d  a n d  te s te d .
T h e  SANDIA p ro g ram  w a s  u s e d  to s im u la te  
d ic h lo r o m e th a n e /m e th a n e /a i r  f la m e s .  After u s in g  o v e r  tw o h u n d re d  
h o u rs  on  a n  F P S  2 64  c o m p u te r ,  c o n v e rg e n c e  h a d  still no t b e e n  
o b ta in e d .  O n e  p ro b lem  with th is  c o m p u te r  p ro g ram  is th a t  the  
e s t im a te  of th e  f lam e co n d it io ns  h a s  to b e  ve ry  c lo s e  to  th e  final 
so lu tion  to ob ta in  c o n v e rg e n c e .  G e tting  g o o d  e s t im a te s  for th e  m ore  
c o m p l ic a te d  c h lo r in a te d  h y d ro c a rb o n  f la m e s  is e v e n  m o re  difficult 
th a n  for m e th a n e  f lam es .  To o b ta in  a  g o o d  initial e s t im a te ,  th e  
p ro g ra m  u s e s  a  t im e -s tep p in g  so lv e r  to  g e t  a  s e t  of m o re  rea lis tic  
f lam e  con d it io ns . T h e s e  c o n d it io n s  a re  th e n  s e n t  to  th e  s t e a d y  s ta te  
so lve r ,  w h e re  th e  c o n v e rg e d  so lu tion  is c a lc u la te d .
In th is  p ro g ra m , th e  t im e -s te p p in g  so lv e r  is n o t  ve ry  
so p h is t ic a te d .  T h e  u s e r  h a s  to m anua lly  input th e  t im e  s t e p  s ize .  It 
w a s  th o u g h t  th a t  a  n ew  t im e -s te p p in g  so lv e r  w ould  b e  re q u ire d  to 
ob ta in  c o n v e r g e n c e  of th e  c h lo r in a te d  flam e.
To th is  e n d  a  t im e -s tep p in g  c o m p u te r  p ro g ra m  [A charya , 1982] 
w a s  m odified  to in c o rp o ra te  reac t in g  s y s te m s .  T h e  in ten t  w a s  to 
u s e  th e  re su l ts  from th is  p ro g ram  a s  th e  input to  th e  SANDIA flat 
f lam e  p ro g ram . This c o u r s e  of ac tio n  w a s  n e v e r  c o m p le te d .  R a ther , 
th e  n ew  t im e -s te p p in g  p ro g ram  w a s  d e v e lo p e d  to p ro v id e  th e  final 
flat f la m e  so lu t io n s  req u ire d  in th e  p ro jec t.  A d i s c u s s io n  of th is  
n e w  p ro g ra m  follow s.
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2 .2 . MODEL DEVELOPMENT
T h e  s t e p s  in d ev e lo p in g  a  c o m p u te r  m odel a r e  i llustra ted  in 
F igure  2-1 . T h e  m odel is b e g u n  by deriving th e  a p p ro p r ia te  e q u a t io n s  
a n d  b o u n d a ry  co n d it io n s  req u ire d  to d e s c r ib e  th e  p h y s ica l  s itua tion . 
T h e s e  partial d ifferen tia l e q u a t io n s  m u s t  th e n  b e  w ritten  in a  
d is c re t iz e d  form , from w hich  th e  c o m p u ta t io n a l  a lg o r i th m s  a r e  
d e v e lo p e d .
T he  m odel p a ra m e te r s  a r e  th en  a d d e d  to  th e  m odel. For th e  
m odel d e v e lo p e d  in th is  p ro jec t  t h e s e  inc lude  th e  s p e c i e s  to  b e  
c o n s id e re d ,  th e  r e a c t io n s  to b e  c o n s id e re d ,  th e  fo rw ard  ra te  
c o n s t a n t s  for t h e s e  re a c t io n s ,  th e  th e rm o c h e m is try  for e a c h  
s p e c ie s ,  th e  t r a n s p o r t  p ro p e r t ie s  for e a c h  s p e c ie s ,  th e  initial 
e s t im a te  of th e  so lu tion , th e  grid sp a c in g  a n d  th e  tim e s t e p  s ize .
At th is poin t a  c o m p le te  bu t  u n te s te d  m odel h a s  b e e n  
d e v e lo p e d .  T his  m odel m u s t  th en  b e  v a lid a ted  by co m p arin g  th e  
m o d e l 's  r e s u l ts  to s o m e  know n ana ly tica l so lu tion  o r  a c c e p t e d  
e x p e r im e n ta l  r e s u l t s .
If th e  c o m p a r is o n  s h o w s  th a t  th e  m odel a c c u ra te ly  s o lv e s  the  
p rob lem , th e n  th e  m odel h a s  b e e n  va lida ted . At th is po in t th e  m odel 
is a v a i la b le  for u s e  in o th e r  s im u la tio n s  a n d  c o m p u te r  e x p e r im e n ts .
If th e  c o m p a r is o n  is not favo rab le ,  th e  p r o c e s s  m u s t  b e  s ta r te d  
over. E ith er  th e  d esc r ip t io n  of th e  physica l  s i tua tion  m u s t  b e  
m odified, o r th e  p a ra m e te r s  of th e  m odel m u s t  b e  c h a n g e d  to m o re  
a c c u ra te ly  ref lec t th e  p h y s ic s  o r c h e m is try  of th e  p r o c e s s  b e in g  
s tu d ie d .
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Figure  2 -1 . T h e  s t e p s  u s e d  to  d e v e lo p  a  co m p u ta t io n a l  
m odel.
MODEL
M ath m atica l  d e sc r ip t io n  of th e  p h y s ic a l  s y s te m .
C o m p u ta t io n a l  a lg o r i th m s  of t h e s e  g o v e rn in g  
e q u a tio n s .
P R R R M E T E R S
( In d e p e n d a n t  v a r ia b le s  w hich  a re  
input into th e  c o m p u te r  p ro g ram )
R e ac tio n  m e c h a n is m  
R e a c tio n  r a te  c o n s t a n t s  
T h e r m o c h e m i s t r y  
Grid s p a c in g  




C o m p a r is o n  to  a n a ly tica l  so lu tio n  or 
e x p e r im e n ta l  r e s u l ts .
S I M U L R T I O N S  AND C O M P U T E R  
EHPERIMEIMTS
A ttem p t to m a tch  a  know n p h y s ic a l  s y s te m .
O rg a n iz e d  s e t  of c o m p u te r  m o d e ls  u s e d  to  study  
o n e  o r  m ore  a s p e c t s  of a  physica l sy s te m .
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2 .3 .  THE CONSERVATION EQUATIONS
A flat f lam e c a n  b e  m o d e le d  a s  o n e -d im e n s io n a l  a n d  s te a d y  
s ta te .  T h e  gov ern in g  e q u a t io n s  a r e  ;
C o n t in u i ty :
^ -(p u ) =  0  ( 2 . 1 )
Energy:
pu = constant 
pu = inlet mass flo w
0 = ^ u ^ £ ^  + A ( k ^ I ! ) -  £  I tO jh jW j (2.2)
dx dx \ dx I i r j ' 1 v
M a ss  (o n e  e q u a tio n  for e a c h  s p e c ie s  i):
- c O i W i (2.3)
w h e r e  p is d en s ity ,  u is velocity , c p is spec if ic  h e a t  c ap a c i ty ,  T is 
t e m p e r a t u r e ,  hj is spec if ic  e n th a lp y ,  Wj is m o le cu la r  w eigh t, to is 
th e  m olar  p ro duction  ra te  of s p e c i e s  i, yi is m a s s  frac tion , Dj is 
m e a n  diffusion coeff ic ien t  a n d  K is m ixture  h e a t  conductiv ity .
E q u a t io n s  (2.2) a n d  (2.3) c a n  b e  written in th e  g e n e ra l  form:
( 2 .4 )
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U sually , th e  d is c re t iz e d  fo rm s of th e  p a ra b o l ic  e q u a t io n s  (2- 
2), (2-3) a n d  (2-4) a re  so lv ed  non-ite ra tive ly . H o w ever ,  t h e s e  
s t e a d y  s t a t e  e q u a t io n s  c a n n o t  eas i ly  b e  u s e d  to  o b ta in  a  so lu tion  to 
c o m p lex  k ine tics  p ro b lem s. T his  is b e c a u s e  th e  e q u a t io n s  a re  
ex trem e ly  n o n lin e a r  in th e  s o u rc e  term  S  of Eq. (2-4). T h e s e  so u rc e  
te rm s  a re  highly c o u p le d  b e tw e e n  all of th e  e q u a t io n s  a n d  an  
i te ra t ive  te c h n iq u e  is b e t t e r  for c o n s is te n t ly  o b ta in in g  c o n v e r g e d  
s o l u t i o n s .
In s te a d  of solving e q u a t io n  (2.4) th e  m o re  s t a b le  tim e- 
d e p e n d e n t  e q u a t io n s  a re  u s e d  to ob ta in  a n  a sy m p to t ic  a p p ro a c h  to 
th e  s t e a d y  s t a te  so lu tion . T h e  t im e -d e p e n d e n t  e q u a t io n s  a r e
T h e s e  e q u a t io n s ,  Eq. (2.5), a r e  a  function of tim e, w h e re  tim e 
is now  re lax a tio n  tim e. T h e  e q u a t io n s  a r e  iteratively  so lv e d  until 
th e  so lu tion  c o n v e r g e s  a n d  th e  a p p ro x im a te  s t e a d y  s t a t e  so lu tion  is 
o b ta in e d .
(2.5)
2 .4 . THE BOU NDA RY CON DITIO NS
For Eq. (2.5), the  exit b o u n d a ry  condition , the  b o u n d a ry  
condition  in th e  p o s t  f lam e reg ion , is a s s u m e d  to  b e  a  z e ro  g rad ien t  
condition . T h e  inlet b o u n d a ry  c o n d it io n s  for a  s ta b il ize d  f lam e  a r e
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yi« .= y u«.+— (p D i^ ) ;  Tinlet = t*™ . (2.6)
p u \  d x )
For a  f ree  f lam e  yj jn |e t  is th e  fuel va lue .
Initially th e  b u rn e r  te m p e ra tu re  w a s  a s s u m e d  to b e  th e  s a m e  
a s  th e  b u rn e r  coo ling  w a te r  te m p e ra tu re  for C a s e s  A-1 a n d  A-3.
This m e th o d  of specify ing  th e  inlet b o u n d a ry  cond ition  for th e  
e n e rg y  e q u a t io n  did not position  th e  co m p u ta t io n a l  f lam e  a b o v e  th e  
b u rn e r  co rrec tly . To a c c u ra te ly  position  th e  c o m p u ta t io n a l  f lam e in 
r e f e r e n c e  to th e  e x p e r im e n ta l  f lam e , th e  b u rn e r  t e m p e r a tu r e  w a s  
in c re a s e d  a b o v e  th e  cooling  w a te r  t e m p e ra tu re  until t h e  C O  p e a k s  
for bo th  th e  e x p e r im e n ta l  a n d  c a lc u la te d  f la m e s  co in c id ed . C h an g ing  
th e  b u rn e r  t e m p e r a tu re  did no t a l te r  th e  s h a p e  o r re la tive  p o s it io n s  
of th e  s p e c ie s  profiles, b u t  only c h a n g e d  th e  h e igh t a t  th a t  th e  flam e 
w a s  p ositioned  a b o v e  th e  burner. T h e  C O  p e a k  w a s  u s e d  s in c e  it w a s  
th e  only m ajor s p e c ie s  w hich  r e a c h e d  a  p e a k  in th e  flam e, a n d  th u s  
it p ro v id ed  a  c o n v e n ie n t  m a rk e r  for a lign ing  th e  c o m p u ta t io n a l  flam e 
with e x p e r im e n t .
S in c e  th e  e x p e r im e n ta l  f la m e s  h a d  low f lam e  v e lo c it ie s  a n d  
w e re  p o s i t io n e d  c lo s e  to  th e  b u rn e r ,  it is p o s s ib le  th a t  th e  b u rn e r  
t e m p e r a tu r e  w a s  ac tua lly  h ig h er  th a n  th e  cooling  w a te r  
te m p e ra tu re .  F o r th e  f la m e s  s tu d ie d  h e re ,  th e  b u rn e r  te m p e r a tu re s  
r a n g e d  from 4 2 5  K to 6 00  K. An in c r e a s e  in b u rn e r  te m p e ra tu re  for 
f la m e s  p o s i t io n ed  c lo s e  to  th e  b u rn e r  h a s  b e e n  o b s e r v e d  
ex p er im e n ta l ly  [C h an g  e t  al 1988], w h e re  a  b u rn e r  t e m p e r a tu re  n e a r  
70 0  K w a s  rep o r ted .
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2 .5 . CHEMK1N AND THE USE OF CHEMKIN
T h e  CHEMKIN su b ro u t in e s  lib ra ries  from  S a n d ia  N ational 
L a b o ra to r ie s ,  K ee  e t  al (1980) a r e  utilized to  perfo rm  ta s k s  c o m m o n  
to co m p u ta t io n a l  k inetics  s tu d ie s .  CHEMKIN is u s e d  to  input th e  
rea c t io n  m e c h a n is m , s p e c ie s  inform ation , a n d  th e  ph y s ica l  p ro p er ty  
d a ta .  This in c lu d es  both th e rm o ch e m ic a l  d a t a  in th e  form of NASA 
p o ly n o m ia ls  a n d  t r a n s p o r t  p ro p e r ty  d a ta .
A s e c o n d  su b ro u t in e  library from  S a n d ia  N ationa l L a b o ra to r ie s ,
K ee  e t  a t (1983) is u s e d  to c a lc u la te  t r a n s p o r t  p ro p e r t ie s .  T h e s e  
two su b ro u t in e  l ib ra ries  a r e  u s e d  to c a lc u la te  m ix tu re  d e n s i ty ,  h e a t  
c a p a c i t i e s ,  e n th a lp ie s ,  v isco s i ty ,  m e a n  d iffus ion  c o e f f ic ie n ts ,  
s p e c i e s  p ro d u c tio n  r a te s ,  m ix tu re  m o le c u la r  w e ig h t a n d  th e rm a l  
c o n d u c t iv i t y .
T h e  first s t e p  in utilizing CHEMKIN is to  input th e  rea c t io n  
m e c h a n is m  with th e  CHEMKIN in te rp re te r .  T h e  in te rp re te r  is a  
p ro g ram  in th e  CHEMKIN library, which is u s e d  to  r e a d  in th e  u s e r 's  
rea c t io n  sy s te m . T h e  in te rp re te r  th e n  g a th e r s  all th e  n e c e s s a r y  
in fo rm ation  p e r ta in in g  to  th e  r e a c t io n  s y s te m  a n d  w r i te s  th is  
inform ation  to  an  o u tp u t file. T h e  o u tp u t  file m u s t  b e  c r e a te d  b e fo re  
any  of th e  o th e r  CHEMKIN su b ro u t in e s  c a n  b e  u se d .
T h e  first p r o c e s s  in using  a n y  of th e  CHEMKIN s u b ro u t in e s  is to 
c r e a t e  th e  link file by runn ing  th e  in te rp re te r  p ro g ra m  in 
co n ju n c tio n  with th e  u s e r 's  rea c t io n  s y s te m  a n d  a  th e rm o c h e m ic a l  
p ro p e r t ie s  d a t a b a s e .  T h e  reac t io n  s y s te m  c o n ta in s  th e  e le m e n ts  to 
b e  u s e d  in th e  m e c h a n ism , th e  s p e c ie s ,  a n d  th e  rea c t io n s  to b e  u se d .
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An e x a m p le  of th e  in te rp re te r  input file for th e  rea c t io n  s y s te m  
u s e d  in th is  work is g iven  in A ppendix  A.
T h e  t r a n s p o r t  p ro p e r t ie s  library a ls o  h a s  a n  in te rp re te r  
p ro g ram  th a t  m u s t  b e  run b e fo re  a n y  of th e  t r a n s p o r t  p ro p e r t ie s  
s u b ro u t in e s  c a n  b e  u s e d .  This in te rp re te r  r e q u ire s  only th e  link file 
from  th e  CHEMKIN in te rp re te r ,  a n d  th e  t ra n s p o r t  p ro p e r t ie s  d a t a b a s e  
a s  input. A s e c o n d  link file is th en  c r e a te d  for u s e  with th e  
t r a n s p o r t  p r o p e r t i e s  s u b r o u t in e s .
O n c e  th e  link files h a v e  b e e n  c re a te d ,  th e  s u b ro u t in e s  libraries 
c a n  b e  u s e d  in any  s u b s e q u e n t  p ro g ram s. T h e  first su b ro u t in e  th a t  
m u s t  b e  ca lled  in t h e s e  s u b s e q u e n t  p ro g ra m s  is su b ro u t in e  CKINIT. 
This su b ro u t in e  r e a d s  in the  CHEMKIN link file c re a te d  by th e  
in te rp re te r .  T h e  c u r re n t  p ro g ra m  now  h a s  all of th e  inform ation 
requ ired  to e x e c u te  a n y  su b ro u t in e  in th e  library. W h en  su b ro u t in e s  
from  th e  t r a n s p o r t  library a r e  to  b e  ca lled , th e  s u b ro u t in e  TPINIT 
m u s t  first b e  run to  r e a d  in th e  t ra n s p o r t  link file. O n c e  th is  is 
d o n e ,  a n y  su b ro u t in e  from th e  t r a n s p o r t  p ro p e r t ie s  library c a n  b e  
c a l l e d .
T h e  m o s t  co m p u ta tio n a lly  t im e  c o n su m in g  s u b ro u t in e  in th e  
library is su b ro u t in e  CKRAT. T h is  su b ro u t in e  c a lc u la te s  th e  reac tion  
ra te  for e a c h  s p e c i e s  in the  reac t io n  m e c h a n ism . T h e  o rgan iza tion  
of th is  p ro g ram  d o e s  no t a llow  for v ec to r iza tio n  of th is  p a r t  of th e  
p ro g ram . V ectoriza tion  is a  m e th o d  u s e d  by s u p e r c o m p u te r s  to 
d e c r e a s e  th e  tim e requ ired  to p r o c e s s  a  c o m p u te r  p ro g ram . T h e  lack 
of vecto rizab ility  in th e  m o s t  t im e  c o n su m in g  s u b ro u t in e  u s e d ,  
CKRAT, l e a d s  to a  m axim ization  of th e  c o m p u te r  tim e req u ired  to run 
a  p rog ram .
T h e  r e a s o n  for th e  lack of vecto rizab lity  in CKRAT is th a t  it 
c o n ta in s  s e v e ra l  DO loops tha t  a r e  only six loops  long. To m ak e  
CKRAT v e c to r iz a b le  w ould  req u ire  rewriting th e  s u b ro u t in e  s o  th a t  
it c a n  loop o v e r  th e  en tire  n u m b e r  of s p e c ie s  in th e  m e c h a n ism . 
A lternative ly , CKRAT co u ld  b e  rew ritten  so  th a t  it only p r o c e s s e s  
o n e  s p e c ie s  a t  a  tim e. T h e  su b ro u t in e  curren tly  loo ps  o v e r  th e  
n u m b e r  of re a c t io n s  in th e  m e c h a n is m , w hich u ltim ately  l e a d s  to the  
DO loop s  th a t  a re  only six lo ops  long.
2 .6 . THE THERMODYNAMIC PRO PERTIES DATABASE
T h e  th e rm o d y n a m ic s  d a t a b a s e  u s e d  for th is  p ro jec t is g iven  in 
Appendix B. T he  d a t a b a s e  w a s  com piled  by D. Miller (1984). T he  
d a t a b a s e  c o n ta in s  o n e  en try  for e a c h  of th e  fifty-eight s p e c i e s  u se d .  
E a c h  en try  c o n s i s t s  of fo u r teen  coeff ic ien ts ,  w hich  a r e  u s e d  to  m ak e  
a  po lynom ia l fit to th e  th e rm o d y n a m ic  p ro p e r t ie s  o v e r  th e  
t e m p e ra tu re  r a n g e  of in te res t .  T h e s e  po lynom ia l fits a r e  in th e  
fo rm at of NASA polynom ial fits (M cBride a n d  G o rd o n , 1976) to 
JA N A F d a ta .  S e v e n  coeff ic ien ts  a re  u s e d  o v e r  a  s ing le  te m p e ra tu re  
ra n g e ,  a n d  two te m p e ra tu re  r a n g e s  a r e  u se d .  T h e  lower te m p e ra tu re  
r a n g e  is 3 0 0  to 1000  K, a n d  th e  u p p e r  t e m p e ra tu re  r a n g e  is 1000 to 
5 0 0 0  K.
T h e  h e a t  c ap a c i ty  of s p e c ie s  n, C °p ,n ,  is g iven  by:
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T h e  e n th a lp y ,  H°, a n d  en tropy , S°, a r e  c a lcu la te d  from th e  
c o e f f ic ie n t s  a s :
— a | a2.ny  a 3 , n  ^ ^ ,n t ^ ‘n (2-8)
RT ln 2 3 4 5 T
an d
*
^ = a lnlnT + a2nT + ^ T 2+ ^ T 3+ ^ T 4+ a 7n . <2-9>
R  1,0 2’n 2 3 4 ’
O th e r  th e rm o d y n a m ic  p ro p e r t ie s  th a t  c a n  b e  c a lc u la te d  from 
t h e s e  v a lu e s  a r e  th e  specific  h e a t  a t  c o n s ta n t  vo lum e, C v , th e  
in ternal e n e rg y ,  U, th e  s ta n d a r d  s ta te  G ib b 's  f ree  e n e rg y ,  G°, a n d  the  
s t a n d a r d  s ta te  H elm holtz  f re e  e n e rg y ,  A°. T h e s e  a r e  c a lcu la te d  a s ;
cv = c p- R , (2 .10)
U = H - RT , (2 .11)
G = H - TS
a n d
( 2 . 1 2 )
A = U - TS . (2 .1 3 )
A, G, a n d  S  c a n  b e  o b ta in e d  from th e  s ta n d a rd  s ta te  v a lu e s  by 
including t e rm s  for p r e s s u r e  a n d  e n tro p y  of mixing,
3 3
S n = S* - RlnX n - RIn (2 .1 4 )
2 .6 .1 . REVERSE REACTION RATES AND THE THERMODYNAMIC 
D A T A B A S E
In add ition  to d e te rm in in g  th e  th e rm o d y n a m ic  v a lu e s  a b o v e ,  
th e  v a lu e s  in th e  th e rm o d y n a m ic  d a t a b a s e  h a v e  a  critical im pact on 
k inetics  th ro u g h  th e  g e n e ra t io n  te rm , S, in Eq. (2.5). T h e  forward 
ra te  c o n s ta n t s  a r e  d e te rm in e d  by th e  ra te  c o n s ta n t  p a r a m e te r s  
p rov ided  by th e  u s e r  in th e  reac tion  m e c h a n ism . S in c e  th e s e  
re a c t io n s  a r e  c o n s id e r e d  to  b e  rev e rs ib le ,  th e  r e v e r s e  reac tion  ra te  
c o n s ta n t s  a r e  a ls o  inc luded  in th e  m odel. T h e  r e v e r s e  reaction  ra te  
c o n s t a n t s  a r e  c a lc u la te d  a s  a  function  of th e  fo rw ard  ra te  c o n s ta n t s  
a n d  th e  th e rm o c h e m ic a l  p ro p e r t ie s .
T h e  fo rw ard  a n d  r e v e r s e  ra te  c o n s ta n t s ,  kf a n d  kr, a r e  re la ted  
th ro u g h  th e  equilibrium  c o n s ta n t ,  Kc ;
K c = — . (2 . 15;
K
T h e  equilib rium  c o n s ta n t  in p r e s s u r e  un its  for rea c t io n  i, Kp j ,  is a  
fu n c t io n  of th e r m o d y n a m ic  p ro p e r t i e s
(2 .1 6 )
T h e  equilib rium  c o n s t a n t s  a r e  re la te d  by
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j  p  \ 2 , v»4 
I/-   v l  atm (iwi
M r t ) ‘ ( 2 .1 7 )
2 .7 . THE TR A N SPO R T PROPERTIES DA TABASE
T h e  m ix tu re  th e rm a l  co n d uc tiv ity  a n d  th e  d iffusion  co e ff ic ien t  
of e a c h  s p e c ie s  i in th e  m ixture  a re  req u ired  to so lv e  E quation  (2-5). 
T h e s e  v a lu e s  a r e  c a lc u la te d  u s ing  th e  t r a n s p o r t  p ro p e r t ie s  
su b ro u t in e  library of K ee, e t  al (1983). To c a lc u la te  t h e s e  v a lu e s  a  
d a t a b a s e  of t r a n s p o r t  p a r a m e te r s  is req u ired . T h e s e  p a r a m e te r s  
inc lude  th e  two L e n n a r d - J o n e s  p a ra m e te r s ,  e/kB a n d  o ,  th e  e lec tr ic  
d ip o le  m o m e n t ,  p ,  t h e  polarizability , a  th e  ro ta t io n a l  re laxa tion  
n u m b e r ,  Z rot. a n d  th e  g e o m e tr ic  configura tion  fac tor, n.
T h e  L e n n a r d - J o n e s  p a r a m e t e r s  a r e ,  e /k e ,  th e  po ten tia l  well 
d e p th  in d e g r e e s  Kelvin, a n d ,  o ,  th e  collision d ia m e te r  in A ngs tro m s. 
T h e  d ipo le  m o m e n t  is in un its  of D eb y e , 1O*10c m 3/ 2e r g 1/2. T he  
polarizability  is in c u b ic  A n g s tro m s, a n d  Z rot is a t  2 9 8  K. T he  
g e o m e tr ic  con figu ra tion  fac to r  is 0  for a  s in g le  a to m , 1 for a  l inear 
m o lecu le ,  or 2  for a  n o n lin ea r  m olecu le .
T h e  t r a n s p o r t  p a r a m e te r  v a lu e s  u s e d  in th e  s im u la t io n s  a re  
g iven  in A ppendix  C. T he  v a lu e s  in the  d a t a b a s e  a r e  tak e n  from Kee, 
e t  al (1983) for th e  n o n -ch lo r in a ted  s p e c ie s .  S o m e  of th e  
c h lo r in a te d  s p e c i e s  w e re  ta k e n  from  M onchik a n d  M a so n  (1961).
O th e r  c h lo r in a ted  s p e c i e s  w e re  c o m p iled  by M orse  (1988). No d a ta  
w e re  a v a i la b le  in th e  l i te ra tu re  for th e  c h lo r in a te d  rad ic a ls .  
P a r a m e te r s  for t h e s e  s p e c ie s  w e re  e s t im a te d  by  a s s ig n in g  th e
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p a r a m e te r  v a lu e s  from th e  p a re n t  s p e c ie s ,  or th e  p a r a m e te r  v a lu e s  
from a  sim ilar s p e c ie s  for which d a ta  w e re  av a ilab le .  T h e  s p e c ie s  
u s e d  a s  e s t im a te  for t h e s e  v a lu e s  a r e  g iven  in A ppendix  C. This 
m e th o d  of e s t im a tin g  s p e c i e s  p a ra m e te r s  w a s  u s e d  by K ee , e t  al 
(1983) a n d  W a rn a tz  (1981).
2 .8 . THE PARABOLIC SOLVER
T h e  parab o lic  e q u a tio n  so lver  u s e d  to so lve  Eq. (2-5) is an  
ex is ting  p ro g ram  (A charya , 1982) th a t  h a s  b e e n  m odified  to work 
with th e  CHEMKIN libraries, a n d  to  pe rfo rm  t a s k s  req u ired  by the  
m odel but no t inc luded  in th e  o th e r  p ro g ram s . T h e s e  t a s k s  include 
providing m a s s  c o n se rv a t io n ,  ch ec k in g  for c o n v e r g e n c e  a n d  providing 
s t a tu s  inform ation  a b o u t  th e  so lu t io n s .  T h e  p a ra b o lic  so lv e r
first t r a n s fo rm s  E q u a t io n s  (2-5) into a  von  M ise s  c o o rd in a te  s y s te m  
b e fo re  so lv ing  th e m . An e x ce llen t  t r e a tm e n t  of th e  de riv a tion  a n d  
im p le m e n ta t io n  of a  flat f lam e  m odel of th is  ty p e  is g iven  by Dixon- 
L ew is, (1 9 8 4 ) .
2 .9 .  THE MODELS ORGANIZATION
T h e  p a ra b o lic  e q u a t io n  so lv e r  (A charya , 1982) d o e s  not call the  
CHEMKIN ro u tin e s  directly. In s te ad ,  t h e s e  two p ro g ra m s  a re  
c o n n e c te d  by a  third  p ro g ram  th a t  h a s  b e e n  d e v e lo p e d  specifically  
for th is  p u rp o se .  T h e  re la tio nsh ip  b e tw e e n  t h e s e  p ro g ra m s  is sh o w n  
in F igure  2 -2 . T h e  n ew  p rog ram  s e r v e s  a s  a n  in te rface  b e tw e e n  th e  
so lv e r  a n d  th e  CHEMKIN libraries, a n d  p e rfo rm s  th e  t a s k s  requ ired  by
Figure 2-2. The three  main com ponents of the com puter program, and how they 
fit together.
















SETS THE TIME STEP 
SIZE
















BOTH SPECIES AND 
MIXTURE
3 7
th e  m o d e l b u t  not inc luded  in th e  o th e r  two p ro g ra m s .  A descr ip tion  
of t h e s e  t a s k s  is g iven  in th e  nex t sec t io n .
2 .10 . THE SO LU TIO N  T EC H N IQ U E
2 .1 0 .1 .  TH E C O N V E R G E N C E  CRITERIA
T h e  m a jo r  difficulty in th is  s im u la t io n  w a s  o b ta in in g  
c o n v e r g e n c e  of th e  so lu tion  dow n  to c o n c e n tra t io n s  of 1 ppm . This 
w a s  a c h ie v e d  by p roperly  controlling th e  tim e  s t e p  s iz e  in th e  
d isc re t iz e d  form of Eq. (2-5). T h e  p ro c e d u re  is s im ilar to th a t  u s e d  
by Kau a n d  T yson , 1981 . First, th e  logarithm ic  d e riva tive ,
is c a lc u la te d  for e a c h  s p e c ie s  i, a t  e v e ry  grid po in t j.
For e a c h  iteration th e  m axim um  v a lu e  of DEL is limited to
W h en  MAXDEL sa t is f ie s  th e  inequality  in (2-19) th e  ite ra tion  is 
c o n s id e re d  s u c c e s s fu l  a n d  th e  tim e s t e p  s iz e  is left u n c h a n g e d  for 
the  n ex t  iteration. W h en  MAXDEL < 0 .0 0 2 ,  th e  iteration is s u c c e s s fu l  
a n d  th e  tim e s te p  s ize  is d o u b led .  For MAXDEL > 0 .0 0 5  th e  iteration 
is c o n s id e re d  u n su c c e ss fu l .  T he  tim e s te p  s iz e  is th e n  h a lv ed  a n d
(2 .18)
0.002 < MAXDEL < 0 .0 0 5  . ( 2 . 1 9 )
38
th e  s p e c i e s  m a s s  f rac tio n s  a r e  s e t  to th e  m a s s  frac tion  v a lu e s  of 
th e  l a s t  s u c c e s s f u l  i te ra tion .
T his  p ro c e d u re  is follow ed until th e  so lu tion  h a s  c o n v e rg e d .  It 
w a s  fo und  th a t  for c o n v e r g e n c e  the  tim e s t e p  s iz e  co u ld  no t b e  
a llow ed  to  in c re a s e  w ithout an  u p p e r  b o u n d . W h e n  th is  w a s  
a t t e m p te d  th e  so lu tion  d iv e rg e d  a s  th e  tim e s t e p  b e c a m e  ve ry  large , 
g r e a te r  th a n  10^  s e c o n d s .  C o n v e rg e n c e  w a s  finally o b ta in e d  by 
limiting th e  m ax im um  v a lu e  of th e  tim e s t e p  to  o n e  h u n d re d  t im es  
th e  r e s id e n c e  tim e of th e  g a s  in th e  co m p u ta t io n a l  d o m ain . O n c e  
th is  m ax im um  v a lu e  of th e  tim e s t e p  w a s  r e a c h e d ,  th e  so lu tion  w a s  
fu rther  c o n v e rg e d  a t  th is  tim e s te p  s iz e  until th e  v a lu e  of MAXDEL
c
fell to 10 . W h en  MAXDEL r e a c h e d  th is  v a lu e  th e  so lu tion  w a s  fully 
c o n v e rg e d .  C o n v e rg e n c e  typically re q u ire d  7 0 ,0 0 0  to 9 0 ,0 0 0  
ite ra tions . C o n v e rg e n c e  cou ld  only b e  o b ta in e d  w h e n  th e  m axim um  
v a lu e  of th e  t im e -s te p  s iz e  w a s  re s tr ic ted , a s  d e s c r ib e d  a b o v e .
A n o th e r  t e c h n iq u e  u s e d  to in c r e a s e  th e  c o n v e r g e n c e  of the  
so lu tion  is to d e c o u p le  th e  s p e c i e s  c o n se rv a t io n  e q u a t io n s  from the  
e n e rg y  e q u a t io n  in th e  early  d e v e lo p m e n t  of th e  so lu tion . 
C o n se q u e n t ly ,  th e  e n e rg y  eq u a tio n  is not so lv e d  initially. In s te a d ,  a  
u s e r  sp e c if ie d  t e m p e r a tu r e  profile is u s e d  until th e  so lu tion  
c o n v e rg e s .  After th e  s y s te m  c o n v e r g e s  u s ing  th e  u s e r  sp ec if ied  
t e m p e r a tu r e  profile, th e  e n e rg y  e q u a t io n  is  so lv e d  with th e  s p e c i e s  
e q u a t io n s .  T h e  so lu tion  th en  p r o c e e d s  until c o n v e r g e n c e  of th e  final 
so lu tion  is o b ta in e d .  T h e  te c h n iq u e  initially d e c o u p l in g  th e  e n e rg y  
a n d  m a s s  c o n se rv a t io n  e q u a t io n s  is a lso  u s e d  in th e  SANDIA flat 
f lam e  p ro g ra m  [K ee e t  al 1985]
3 9
2 .1 0 .2 .  LINEARIZATION OF THE SO U R C E TERMS
A n ew  fe a tu re  of th e  m odel u s e d  in th is  work is th e  
l in ear iza tion  of th e  s p e c i e s  p ro d u c tio n  r a te  te rm s .  T h is  g rea tly  
im p ro v e s  th e  stability  a n d  s p e e d  of c o n v e r g e n c e  of th e  so lu tio n s  
o b ta in e d  from th e  m odel. T h e  s o u rc e  te rm s  a r e  l inear ized  by writing
th e  p roduction  te rm  a s  th e  s u m  of a  c rea t io n  ra te  te rm  a n d  a
d e s t ru c t io n  r a te  te rm  for e a c h  s p e c i e s  i,
co, =  c , -  d j . ( 2 .2 0 )
For a  b inary  reac tion  aA  + bB < — > cC  + dD  with forw ard reaction  
ra te  c o n s ta n t  kf a n d  r e v e r s e  reac tion  ra te  c o n s ta n t  kr , th e  
contribu tion  to  th e  s o u r c e  te rm  of s p e c ie s  C a n d  D from th e  
d e s t ru c t io n  r a te  is
c d
dj =  k rC D  . ( 2 .2 1 )
In a  sim ilar m a n n e r  th e  d e s tru c t io n  ra te  for e a c h  s p e c i e s  i c a n  b e  
written  a s  a  function  of yj in th e  form
dj =  const x yj . ( 2 .2 2 )
T h e  v a lu e  of c o n s t ,  krC c  in E quation  2-22, is c a lu c la te d  using  the  
v a lu e  of C from th e  p rev io u s  tim e s te p .
For e a c h  s p e c i e s  c o n se rv a t io n  e q u a t io n  th e  s o u rc e  te rm  in Eq. 
(2-5) c a n  b e  w ritten  a s
4 0
( a i w i =  (c i - d i ) w i (2 .2 3 )
=  (c j-  const y i)W j 
=  W , c, - W , const y (
= A - B y j
T h e  s o u r c e  te rm  now c o n ta in s  a  fully explicit te rm  A, a n d  a  partially 
implicit te rm , Byi. T h e  implicit te rm  a id s  in stability  a n d  
c o n v e rg e n c e  s in c e  it c a n  a lw a y s  b e  so lv e d  for the  p r e s e n t  v a lu e  of 
yi. T h e  explicit t e rm s  m u s t  a lw ay s  inc lude  th e  la s t  know n v a lu e s  of 
th e  s p e c i e s  m a s s  frac tions , a n d  a r e  th e  c a u s e  of th e  i te ra tive  n a tu re  
of th e  so lu tion .
2 .1 0 .3 .  CONSERVATION OF M A SS
A p ro b lem  a r i s e s  in th e  so lu tion  of E q u a tio n  (2-5) th a t  re su l ts  
in th e  failure  to c o n s e r v e  m a s s .  T h e  diffusion te rm s  for th e  s p e c ie s  
c o n se rv a t io n  e q u a t io n s  d o  not inheren tly  c o n s e r v e  m a s s ,  a n d  th e  
so lu tion  m u s t  b e  c o r re c te d  to p rov ide  for m a s s  c o n se rv a t io n .  This 
p rob lem  is a  resu lt  of having to  u s e  a  m u lt ico m p o n en t  m ixture  
diffusivity for e a c h  s p e c i e s  b a s e d  on  diffusiv ities  in a  b inary  
m ixture. E ven th o u g h  th e  diffusion flux in a  b inary  m ixture  would 
c o n s e r v e  m a s s ,  m u lt ico m p o n en t  d iffusion  f lu x es  d o  no t n e c e s s a r i ly  
c o n s e rv e  m a s s .  To p rov ide  for m a s s  c o n se rv a t io n ,  th e  m a s s  fraction 
of th e  inert s p e c i e s  n itrog en  is a d ju s te d .  In s te a d  of so lving 
E q u a tio n  (2-5) for th e  m a s s  frac tion  of n i trogen , t h e  v a lu e  of 
n itrogen  a t  e a c h  grid po in t is a d ju s te d  to c o n s e r v e  m a s s .  T h e  v a lu e  
is s e t  to th e  p rev io u s  v a lu e  of n itrogen  a t  th a t  grid point, p lu s  the
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n e t  a m o u n t  of m a s s  g a in e d  or lost d u e  to  solving E qu a tio n  (2-5) for 
all o th e r  s p e c ie s ,  i. T h is  re su l ts  in a  m a s s  c o n se rv a t io n  e q u a t io n  of,
X  yi+ y*i
1=1, j=N2
(2 .24 )
I is th e  total n u m b e r  of s p e c ie s  in th e  m odel.
T h e  dev ia tion  from  m a s s  c o n se rv a t io n  is c a lc u la te d  a t  e a c h
grid point, j, a s
i I
A M ASS j =
•J X  y . - s  *j 'j ( i - l . W N * INLET
(2 .25)
T h e  c u rre n t  v a lu e  of N g, a t  grid poin t j, is th e n  c a lc u la te d  a s
(yN>nCw)J - ( y N>4 j - A M A S S J . (2 .26)
For a  typical s im ula tion  th e  v a lu e  of AM A S S , j  ranges from  10-8  to 
1 0 *4 .
2 .1 0 .4 .  THE S T E P S  IN AN ITERATION
T h e  s t e p s  in a n  iteration a r e  sh o w n  in F igure  2-3. S u b ro u tin e  
D E N SE  is ca lled  first. H e re  th e  g a s  d e n s i ty  is c a lc u la te d  a t  e a c h  
ite ra tion . Next, s u b ro u t in e  CKRAT is c a l le d  to c a lc u la te  th e  s p e c ie s  
c re a t io n  a n d  d e s tru c t io n  r a te s  for e a c h  s p e c i e s  a t  e a c h  grid  point.
E very  tw en ty  i te ra t io n s  th e  t r a n s p o r t  p ro p e r t ie s  a r e  r e ­
c a lc u la te d .  T h e s e  in c lude  th e  th e rm a l conductiv ity  a t  e a c h  grid
u re  2-3. T h e  s t e p s  in o n e  iteration of th e  p rog ram .
SUBROUTINE DENSE SUBROUTINE CKRRT
Calculate density.
Every twenty iterations 
calculate the transport properties. 
Set the time-step size.
Provide for conservation of mass.
Calculate the species 
creation and destruction 
rates for each species.
SUBROUTINE OUTPUT
Print the status of the solution 
every 500 iterations.
SUBROUTINE BOUND
Set the inlet boundary condition. 
Set the outlet boundary condition.
PRRRBOLICSOLUER SUBROUTINE GRMSOR
Solve the system of equations. Set the coefficients 
needed in the parabolic 
solver.
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poin t a n d  th e  m e a n  diffusion coeffic ien ts .  T h e s e  a r e  c a lc u la te d  for 
e a c h  s p e c ie s  a t  e a c h  grid point. S u b ro u tin e  D E N SE  a ls o  p ro v ides  for 
th e  d e te rm in a t io n  of th e  t im e -s te p  s iz e  a s  d e s c r ib e d  in S e c t io n  
2 .1 0 .1 . ,  a n d  for m a s s  c o n se rv a t io n  by  so lving E q u a tio n  (2-24).
S u b ro u t in e  O U T P U T  is ca lled  following su b ro u t in e  D E N SE. This 
su b ro u t in e  p r in ts  inform ation  a b o u t  th e  so lu tion  o n c e  e v e ry  5 0 0  
i te ra t ion s . T h is  inform ation  in c lu d e s  th e  n u m b e r  of th e  c u r re n t  
ite ra tion , th e  v a lu e  of MAXDEL a s  c a lc u la te d  in E q u a tio n  (2-18), th e  
grid point a t  w hich  MAXDEL o c c u rs ,  a n d  th e  s p e c ie s  th a t  p ro d u c e d  
MAXDEL. A lso p rin ted  a re  th e  c u rre n t  v a lu e  of the  t im e -s te p  s ize , 
th e  v a lu e  of th e  co rrec tion  te rm  in th e  m a s s  c o n se rv a t io n  e q u a tio n ,  
th e  su m  of th e  co rrec tio n  te rm s  of all th e  i te ra t io ns , a n d  th e  c u rre n t  
m a s s  frac tion  of C O  a t  two d iffe ren t loca tio ns , a t  th e  b u rn e r ,  a n d  
n e a r  th e  p e a k  of th e  C O  profile.
S u b ro u t in e  BOUND s e t s  th e  inlet b o u n d a ry  cond ition  for th e  
s p e c i e s  c o n se rv a t io n  e q u a t io n s ,  a n d  s e t s  th e  o u tle t  b o u n d a ry  
co n d it io n s  for all of th e  c o n se rv a t io n  e q u a t io n s .  T h e  inlet b o u n d a ry  
c o n d it io n s  a r e  c a lc u la te d  from E quation  (2-6). T h e  o u tle t  b o u n d a ry  
cond ition  is a  z e ro  g ra d ie n t  cond ition , a n d  is a p p lied  by se t t in g  th e  
v a lu e s  a t  th e  final grid  poin t to th e  v a lu e s  a t  th e  n e x t  to la s t  grid 
p o in t .
N ex t th e  p a ra b o l ic  so lv e r  is c a l le d  to  so lv e  th e  s y s te m  of 
e q u a t io n s  a t  th e  c u rre n t  s te p .  T h e  e q u a t io n s  a r e  so lv e d  o n e  a t  a  
tim e. For e a c h  eq u a tio n , su b ro u tin e  G A M SO R is c a l le d  to  s e t  up  th e  
co e ff ic ien ts  th a t  a r e  u s e d  to  so lv e  th e  d is c re t iz e d  form  of th e  
e q u a t io n s .  In G A M SO R  th e  s o u rc e  te rm s  a r e  l inearized  a s  d e sc r ib e d  
in S e c tio n  2 .1 0 .2 .
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O n c e  e a c h  eq u a tio n  h a s  b e e n  so lved , th e  iteration is com p le te .  
T h e  ite ra tion  c o u n te r  is in c re a s e d  a n d  th e  so lu tion  s t a r t s  o v e r  with 
su b ro u t in e  D EN SE. This p ro c e d u re  c o n t in u e s  until a  p r e s e t  n u m b e r  of 
i te ra t ion s  h a s  b e e n  c o m p le te d .  W h en  th e  p ro g ra m  is f in ish ed  th e  
so lu tion  h a s  c o n v e rg e d ,  o r th e  p rog ram  is s ta r te d  a g a in  using  a  
" re s ta r t  file". T h e  u s e  of a  re s ta r t  file p ro v id e s  a  m e a n s  of s ta r ting  
th e  so lu tion  a t  the  s a m e  itera tion  th a t  th e  r e s ta r t  file w a s  c r e a te d .
T h e  ability to s to p  a n d  th en  re s ta r t  th e  p ro g ra m  a t  a n y  point in 
th e  so lu tion  of a  s im u la tion  is a n  im po rtan t  f e a tu re  of th e  p rog ram . 
This p ro v id es  a  m e a n s  of b reak ing  up  a  sim ula tion  into a s  m any  
d ifferent s e g m e n ts  a s  n e e d e d .  O bta in ing  a  so lu tion  by b reak in g  the  
so lu tion  up into sm all s e g m e n ts  is o ften  m a d e  n e c e s s a r y  d u e  to  th e  
long C PU  (cen te ra l  p ro c e s s o r  unit) t im e n e e d e d  to o b ta in  a  c o n v e rg e d  
solution. On m an y  c o m p u te r  s y s te m s  th e  m ax im um  tim e a  s ing le  
p ro g ram  c a n  run is limited, a n d  m ay  b e  sm a lle r  th a n  th e  tim e 
requ ired  to  finish a  s im ula tion . In th is  c a s e  th e  s im u la tion  is run in 
two o r  m o re  s t e p s ,  e a c h  sm a lle r  th a n  th e  t im e  limitation of th e  
c o m p u te r  sy s te m  be ing  u s e d .
2 .1 1 .  THE INITIAL CONDITIONS
T h e  initial c o n d it io n s  a r e  s o m e  of th e  input p a r a m e te r s  
m e n t io n e d  in S e c t io n  2 .2 .1 ,  a n d  inc lude  th e  c o m p u ta t io n a l  grid, th e  
s p e c i e s  profiles, a n d  th e  t e m p e ra tu re  profile. It w a s  fo u n d  th a t  
s u c c e s s fu l  c o n v e r g e n c e  of th e  m o re  co m p lex  s im u la t io n s , su c h  a s  
th e  c h lo r in a te d  m e th a n e  f la m e s ,  is s e n s i t iv e  to e a c h  o f t h e s e  initial 
cond it ion s . In a d e q u a te  handling  of a n y  o n e  w a s  found  to  lead  to
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d iv e rg e n t  so lu tions . T h e s e  c o n v e r g e n c e  p ro b le m s  w e re  o v e rc o m e  by 
a d h e r in g  to th e  c o n v e rg e n c e  criteria  s t a te d  in S e c t io n  2 .1 0 .1 ,  a n d  by 
a ls o  using  th e  n um erica l m e th o d s  d e s c r ib e d  in th is  S e c tio n .
2 .1 1 .1 .  THE COMPUTATIONAL GRID
T h e  co m p u ta t io n a l  g rid s  u s e d  h e re  a r e  uniformly s p a c e d  from 
th e  b u rn e r  to th e  p o s t  f lam e  reg ion , th e  portion  of th e  f lam e  with 
th e  s t e e p e s t  g ra d ie n ts .  T h e  p o s t  f lam e  reg ion  is c o n s id e r e d  to begin  
w h e n  th e  g ra d ie n ts  of all s p e c ie s  a n d  te m p e ra tu re  a p p ro a c h  zero . In 
th e  p o s t  f lam e  reg ion  th e  grid sp a c in g  is la rger , a n d  e x te n d e d  ou t to 
6  m m , w hich  is th e  m axim um  d is ta n c e  w hich  m e a s u r e m e n ts  w e re  
m a d e  in the  ex p er im e n ta l  f lam es . T h e  f lam es  h a d  3 6  grid points .
T h e  grid sp a c in g  w a s  0.1  mm for th e  first 3 m m , a n d  0 .5  m m  for the  
final 3 mm.
W h en  a  n ew  m ixture w a s  te s te d ,  a  12 point grid with la rger  
grid sp a c in g  w a s  u se d .  T his  c u t  dow n  on  th e  c o m p u te r  tim e requ ired  
for t h e s e  prelim inary  ru ns , a n d  d e c r e a s e d  d e v e lo p m e n t  time. T he  
pre lim inary  ru n s  w e r e  u s e d  to d e te rm in e  th e  b u rn e r  t e m p e r a tu re  
r eq u ire d  to co rrec tly  position  th e  f lam e  a n d  to m a k e  a n y  c o rre c t io n s  
or a d ju s tm e n ts  th a t  m ight b e  n e e d e d .  O n e  to  th re e  ru n s  w e re  usually  
requ ired  to position  th e  c a lc u la te d  C O  p e a k  a t  th e  s a m e  h e igh t a s  the  
e x p e r im e n ta l  C O  p e a k .  For th e  c a rb o n  te trac h lo r id e  f la m e s  th is  
c o a r s e  grid s p a c in g  w a s  0 .2  m m  a n d  e x te n d e d  to 2 .4  m m . For th e  
d ic h lo rm e th a n e  f la m e s  th e  grid s p a c in g  w a s  0 .3  m m  a n d  e x te n d e d  to 
3 .6  mm.
4 6
T h e  capab ili ty  to  e x te n d  a  c o n v e rg e d  so lu tion  fu r th e r  ou t  into 
th e  p o s t  f lam e region is inc luded  in th e  c o m p u te r  p ro g ram . This 
p ro v ed  use fu l in th e  ear ly  d e v e lo p m e n t  s t a g e s  of th e  pro jec t,  a n d  
g iv e s  th e  u s e r  th e  ability to  m anua lly  e x te n d  th e  c o m p u ta t io n a l  
d o m ain  w h e n  n e e d e d .  This option  w a s  no t  u s e d  o n c e  th e  sy s te m a tic  
p ro c e d u re  for grid  sp a c in g  ou tlined  a b o v e  w a s  im p le m e n te d .
T h e  c o n c e p t  of using  uniform grid sp a c in g  o u t  to th e  p o s t  
f lam e reg ion  w a s  a d o p te d  d u e  to p ro b lem s  found  w h e n  m o re  
e c o n o m ic a l  grid s p a c in g s  w e re  t e s te d .  A ttem p ts  to  p la c e  m o re  grid 
p o in ts  in r e g io n s  of high g ra d ie n ts ,  with few er  grid  p o in ts  b e fo re  
a n d  afte r , w e re  tried. T his re su l te d  in p ro b le m s  with d iverg ing  
so lu tions . It w a s  found  tha t  s o m e  so lu t io n s  th a t  sh o u ld  h a v e  b e e n  
d iv e rg e n t  w ould  c o n v e rg e  on t h e s e  non-uniform  g rids . T h e s e  
so lu t io n s  w ou ld  not d iv e rg e  but w ould  p u s h  o u t  p a s t  th e  reg ion  of 
tightly s p a c e d  grid po in ts  to a  point w h e re  th e  grid s p a c in g  w a s  
m u ch  la rg e r .  T h e  c o m p u ta t io n a l  f lam e  w ould  "a ttach "  itself to th is  
grid poin t a n d  the  f lam e  w ould  d e v e lo p  from th e re ,  with th e  
ox idation  z o n e  s ta r ting  a t  th is  point. This w ou ld  g ive  very  
u n rea l is t ic  re su l ts ,  with th e  f lam e  p o s i t io n e d  too  fa r  a b o v e  th e  
b u rn er .  T h e  d is ta n c e  a t  which th e  f lam e  p o s i t io n e d  itself in t h e s e  
c a s e s  w a s  found to d e p e n d  only on  th e  grid sp a c in g ,  a n d  w a s  not a  
function  of th e  o th e r  f lam e p a ra m e te r s .  For th is  r e a s o n  a  uniform 
grid sp a c in g  w a s  u se d .
T h e  uniform  grid sp a c in g  is s im ila r to th a t  e m p lo y e d  in th e  
E E R C  p ro g ram , which a ls o  u s e s  a  uniform grid s p a c in g  o u t  to th e  p o s t  
f lam e  region  [Kau a n d  T yson  1981J. This p ro g ram  w ould 
a u to m a tica lly  a d d  non-un ifo rm  grid  p o in ts  in th e  p o s t  f lam e  region
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until a  z e ro  g ra d ie n t  condition  is a t ta in e d .  T h e  W arn a tz  p ro g ram  
u s e s  a  non-uniform  tw e n ty -o n e  po in t grid [W arna tz  1981], T h e  grid 
sp a c in g  is r e c a lc u la te d  in e a c h  ite ra tion  a n d  th e  grid po in ts  a r e  
c o n c e n t r a te d  in th e  reg io n s  of s t e e p e s t  g ra d ie n ts .  O n c e  c o n v e rg e n c e  
is o b ta in e d  using  th is  grid sp a c in g ,  th e  n u m b e r  of grid  p o in ts  is 
au to m atica lly  d o u b le d  by  p lac ing  a  n ew  grid  po in t b e tw e e n  e a c h  
ex is ting  grid point. T his  n ew  fo rty -one  poin t grid is u s e d  until 
c o n v e rg e n c e  is a g a in  o b ta in ed .
T h e  SANDIA flat f lam e p ro g ram  s ta r ts  with a  c o a r s e  uniform 
grid [K ee e t  al 1985]. U pon c o n v e rg e n c e  on  th is  c o a r s e  grid sp a c in g ,  
n ew  grid p o in ts  a r e  a u to m atica lly  a d d e d  in r e g io n s  of s t e e p  
g ra d ie n ts .  This p ro c e d u re  c o n t in u e s  until th e  first a n d  s e c o n d  
d e r iv a t iv e s  of all s p e c i e s  b e tw e e n  all grid p o in ts  a r e  b e lo w  u s e r  
sp ec if ied  v a lu e s ;  o r  until a  u s e r  sp e c if ied  n u m b e r  of grid p o in ts  h a s  
b e e n  a d d ed .
2 .1 1 .2 .  THE S P E C IE S  PROFILES
E a c h  s im u la tion  w a s  s t a r te d  with th e  initial p ro f i le s  for e a c h  
s p e c ie s  e s t im a te d  to  b e  th e  fuel v a lu e  of th a t  s p e c ie s .  T his  is 
a n a lo g o u s  to  an  e x p e r im e n ta l  cond ition  w h e re  th e  un ligh ted  fuel 
initially e x te n d s  th ro u g h o u t  th e  m e a s u r e m e n t  reg ion , a n d  th e n  a  h e a t  
s o u r c e  is ap p lied  to ignite th e  flam e. In th e  s im u la tion  th e  h e a t  
s o u r c e  is a  p re -d e f in e d  te m p e ra tu re  profile, r a th e r  th a n  a  s in g le  
ignition s o u rc e .  In th is  w ay  th e  s im u la te d  f lam e  d e v e lo p s  in tim e 
sim ilar to  th e  d e v e lo p m e n t  of th e  ignited  e x p e r im e n ta l  f lam e. T h e
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d e v e lo p m e n t  of th e  s im u la ted  f lam e  is no t be in g  s tu d ie d  in th is  
work, a n d  only th e  c o n v e rg e d  so lu tion  is u se d .
T h is  m e th o d  of s ta r ting  th e  s im u la tion  is no t a s  
c o m p u ta t io n a l ly  e ff ic ien t a s  s ta r t in g  w ith a n  e s t im a t e d  f la m e  
profile . A p p lica tio n s  with a n d  w ithou t e s t im a te d  f la m e  pro files  
h a v e  b e e n  u se d .  T h e s e  ind ica te  th a t  s im u la t io n s  u s in g  th e  e s t im a te d  
pro files  c o n v e r g e  in a p p ro x im a te ly  o n e - th ird  l e s s  tim e  th a n  th e  
s im u la t io n s  s ta r t in g  with th e  fuel v a lu e s  a s  th e  s p e c i e s  profiles.
A no the r,  m o re  effic ien t m e th o d  for a s s ig n in g  initial s p e c i e s  
profiles is to  s ta r t  with th e  c o n v e rg e d  so lu tion  from  a n o th e r  c a s e .  
For in s ta n c e ,  us ing  a  c o n v e rg e d  so lu tion  with a  b u rn e r  te m p e ra tu re  
of 4 5 0  K to s ta r t  a  s im ula tion  of th e  s a m e  fuel m a k e -u p  with a  
b u rn e r  t e m p e ra tu re  of 6 0 0  K. A nother e x a m p le  is using  a  c o n v e rg e d  
so lu tion  a t  o n e  s to ich io m e try  to  s ta r t  a  s im u la tio n  a t  a  d iffe ren t 
s to ich iom etry . W h e n  th e  c o n v e r g e n c e  crite ria  s t a t e d  in S ec tio n
2 .10 .1  is m et, th e  n ew  so lu tion  is o b ta in ed .
E ac h  of th e  o th e r  th re e  flat f lam e  p ro g ra m s  m e n t io n e d  a b o v e  
u s e s  a  d iffe ren t  s c h e m e  for a s s ig n in g  initial s p e c i e s  p ro files  th a n  
th e  o n e  h e re .  Uniformly, th e  u s e r  in p u ts  th e  initial p o s t  f lam e  
s p e c i e s  v a lu e s  a n d  th e  e s t im a te d  p e a k  in te rm e d ia te  v a lu e s  for the  
s ta b le  in te rm e d ia te s  a n d  th e  im portan t  rad ica ls .  T h e  p ro g ra m s  th en  
c a lc u la te  th e  initial s p e c i e s  p ro f i le s .
2 .1 1 .3 .  THE TEM PERATURE PROFILE
As s t a te d  in S e c t io n  2 .1 0 .1 ,  th e  initial t e m p e r a tu r e  profile  is 
input by the  u s e r  a n d  th e  e n e rg y  e q u a t io n  is not so lv e d  initially, a n d
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is th e  m e th o d  u s e d  in th e  SANDIA flat f lam e p ro g ram  [Kee e t  al 
1985]. This d e c o u p le s  th e  e n e rg y  e q u a tio n  from th e  s p e c ie s  
c o n se rv a t io n  e q u a t io n s .  D ecoupling  t h e s e  e q u a t io n s  is no t  n e e d e d  
for s im p le  reac tion  s y s te m s  su c h  a s  m e th a n e ;  h o w ev er ,  for th e  m ore  
c o m p l ic a te d  c h lo r in a te d  m e th a n e  sy s te m , c o n v e r g e n c e  d e m a n d s  su c h  
a n  a p p ro a c h .  W ithout it, th e  e n e rg y  eq u a tio n  c a n  p ro d u c e  a  
t e m p e r a tu r e  profile th a t  le a d s  to a  d iv e rg e n t  so lu tion . T his  in turn 
p r o d u c e s  a n  inco rrec t  s e t  of s p e c i e s  profiles, w hich  c a u s e  th e  
t e m p e r a tu re  profile to d iv e rg e  e v e n  further. To p re v e n t  this 
p ro b lem , th e  s p e c i e s  p rofiles  a r e  first o b ta in e d  for a  sp e c if ied  
t e m p e r a tu re  profiles. T h e s e  e s t im a te s  to  th e  c o n v e r g e d  s p e c i e s  
profile a r e  c lo s e  e n o u g h  to k e e p  th e  solution on  a  c o n v e rg e n t  p a th .
T h e  E ER C  p rogram  a n d  th e  W arn a tz  p rog ram  a re  both s e t  up  to 
run a  c a s e  with o r w ithout th e  e n e rg y  e q u a t io n  b e in g  so lv ed . This 
p ro v id es  a  m e a n s  to m anually  d e c o u p le  th e  e q u a t io n s  w hen  
n e c e s s a r y .
3. D EV ELO PM EN T O F  THE KINETIC MECHANISM
3.1 . BA CK G RO U N D
T h e  reac t io n  m e c h a n is m  u s e d  for all of th e  s im u la t io n s  
p e rfo rm ed  h e re  is g iven  in T ab le  3-1. T h e  m e c h a n is m  c o n s i s t s  of 
341 rea c t io n s  a n d  58  sp e c ie s ,  a n d  c o n ta in s  C i a n d  C 2 h y d ro c a rb o n s  
a n d  c h lo r in a te d  h y d ro c a rb o n s .  T h e s e  inc lude  m e th a n e ,  ch lo r in a ted  
m e th a n e s ,  e th a n e s ,  m o n o c h lo ro e th a n e ,  e th e n e ,  c h lo r in a te d  e th e n e s ,  
a c e ty le n e ,  c h lo ro a c e ty le n e ,  a n d  d ic h lo ro a c e ty le n e .  T h e  four 
c h lo r in a te d  m e th a n e s ,  m ethy l ch lo r id e , d ic h lo ro m e th a n e ,  ch lo ro fo rm , 
a n d  c a rb o n  te trach lo rid e , a r e  included . T h e  c h lo r in a te d  e th e n e s  a r e  
m o n o c h lo r o e th y le n e ,  1 1 - d ic h lo r o e th ly e n e ,  1 2 - d ic h lo r o e th y le n e ,  
t r ic h lo ro e th y le n e ,  a n d  te t r a c h lo ro e ty le n e .  T h e  d if fe ren t  i s o m e r s  of 
1 2 -d ich lo ro e th ly en e  a r e  not d is t in g u is h e d  from e a c h  o th e r .  T h e  
rad ic a ls  of all th e  a b o v e  s ta b le  s p e c i e s  a r e  a ls o  u s e d  in th e  
m e c h a n i s m .
M uch of th e  d e v e lo p m e n t  of th e  m e c h a n ism  is d u e  to the  work 
of David Miller a n d  M ichael F rank lach , a n d  is c o n ta in e d  in Miller 
(1984) a n d  Miller, e t  al ( i9 8 5 ) .  T h e  co n tr ib u tio n s  to  th is  w ork a re  
m an y , th e  fo re m o s t  of w hich  is th e  d e v e lo p m e n t  of a  reac tio n  
m e c h a n is m  for th e  m ethy l ch lo r ide  a n d  m ethy l c h lo r id e /o x y g e n  
s y s te m s .  T h e s e  m ethyl ch lo r id e  m e c h a n is m s  co n ta in  a  
m e th a n e /o x y g e n  reac t io n  s u b s e t ,  w hich  is b a s e d  o n  th e  m e c h a n ism  
of David B o rn s id e  (1983).
T h e  reac tio n  m e c h a n ism  is m a d e  up  of five g r o u p s  of reac tio n s , 
w hich  a r e  lis ted  in T ab le  3-2. T h e  first g ro u p  of re a c t io n s ,  th e
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Table 3-1. The reaction mechanism used in the flame simulations. 




NO. REACTION A B Eac.
(CAL/MOL)
SOURCE
1. CH4=CH3+H ( START METHANE SET) 1.600E+27 -3.970 104077. Miller (1984)
2. O^+CH^sOl^+HO^ 8.320E+13 0. 55999. Miller (1984)
3. c h 4+h =c h 3+h 2 5.470E+07 1.970 11207. Miller (1984)
4. c h 4+o h =c h 3+h2o 1.600E+06 2.100 2462. Miller (1984)
5. c h 4+o =c h 3+o h 2.130E+06 2.210 6479. Miller (1984)
6. c h 4+h o 2=c h 3+h 2o 2 2.000E+13 0. 18000. Miller (1984)
7. CH4+CH3=C2H6+H 7.940E+12 0. 41501. Miller (1984)
8. CH4+CH3=C2H5+H2 1.000E+12 0. 24001. Miller (1984)
9. CH4+CH2=CH3+CH3 1.000E+13 0. 0. Miller (1984)
10. m+c h 3=h +c h 2+m 1.000E+16 0. 90583. Miller (1984)
11. o 2+c h 3=c h 3o +o 3240E+34 -5.940 42299. Miller (1984)
12. o 2+c h 3=c h 2o +o h 5.250E+13 0. 35999. Miller (1984)
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76. M +C ^^H -j+H +M 2.620E+17
77. 1300E+14
78. C2H4+0H=C2H3+H20 5.090E+13
79. c2h 4+o h =c h 2o c h 3 1.900E+13
80. c2h4+o =c h 2o +c h 2 8320E+08
81. c2h 4+o =c h 3+c h o 7.670E+06
82. c2h4+c h 3=c h 4+c 2h3 4.200E+11
83. C ^ bC ^ + H 2.000E+28
84. 2.000E+13
85. M+C^HjsH+CjH+M 4.000E+16
86. c2h 2+o h =c 2h +h 2o 2.700E+14
87. CjHj+OtO^+CO 4.100E+06
88. qHj+CM^HO+H 4.290E+14
89. CjH + H ^ jHj+H 8.000E+12
90. c2h o +h =c h 2+c o 7j000E+12
91. CjHO+CtCHO+CO 1200E+12
92. c2h 3+o h =c2h 2+h 2o 2j000E+13
93. CjHj+OK^Hj+OH 3.000E+13
94. CH3+C2H3=CH4+C2H2 1.210E+13
95. c h 2+c 2h3=c h 3+c2h 2 1.140E+13
96. c2h 3+c h =c h 2+c2h 2 1.110E+13
0. 96558. Miller (1984)
0. 10284. Miller (1984)
0. 2988. Miller (1984)
0. 2988. Miller (1984)
1.200 741. Miller (1984)
1.200 741. Miller (1984)
0. 11114. Miller (1984)
-4.910 41773. Miller (1984)
0. 0. Miller (1984)
0. 106800. Miller (1984)
0. 15000. Miller (1984)
1300 1697. Miller (1984)
0. 12199. Miller (1984)
0. 2629. Miller (1984)
0. 0. Miller (1984)
0. 0. Miller (1984)
0. 0. Miller (1984)
0. 0. Miller (1984)
0. 0. Miller (1984)
0. 0. Miller (1984)












































































s i l s i s s s s s s s  I I s
r* r-1 ^  r* r** w* ^  ^
^ JS Jfi Jfc JS J5 pife ^ ^
I l l i i l l l i l i l  111
I. p  81 K ■'p( S  0 0 tn
o  o
m m rn





+  +  +  +





+ +  +
u j  W  UJ
en m





fO 1-^ 00 cm i—i ^  « in
§ o
^  O  y *
U ^  Y
i  j! s T
- -  > 3 - 4_ T J  tM  X  X  CM
n  a  x  0  rr* x
^  5  u ~cT1 s  6 u o i  cT










































































S>c * « * « «« «  « «
J5 ^  ^  ^  ^  jj  ^  ^  ^  ^  J^
s l s s l l i l l l i l l s
UfN u
X Xu  u  
+ + 8
5 5 S ?n  n  Q _r
0  no x y
V n V 5 g
-* £  pT >  6
”  ^  s ,  *
u 5 5 5 5 *
+ +  +_ + U
S ' S *  s  a  v
V
to to •&  _to to _to to to to ^ot ^co
Xu X Xu  u 5 5 (J u
o o o o ^ r M m ^ m ' o r s o o o v o ^ N  00 
to to
58
U U U k*flj (Li
























«  r -  (*5 r -
i ^ H q ^ K S j K K t s j ^<n fo ^ ^  T-*
<J" i r  J 4
v 6 vn  n  n  
X X X
J 1 J ' u
+
^  af* fi i  aT V V 






























0 >  ^  9 ^  O S V 1 ( r '  9 *  ^  O s  QS Q S OK CTi OK O s  OK
R RO^  Os p^* ^  o
8
«N
U J U J
m
© (SI cm c n i ^ CM CO
Q <*** »—‘
+ + ■r + + + + +
UJ UJI UJ UJ U J U J U J U J












CM r *  r *  (-a
t -  a -  x  w-







CM o X X
0 X + + o o
X + 0 0 0 + +
+ 0 + COIH CM u 0c o CM X X c n CMX X X u u X X
u
II V V 5
II
X V VX X X X o Q
+ + + n + V +
0 0 0 w+ 0 S f 0
«r> n i CO m m c n c o
X X X X X x Xu u u u u u u
. I  V
S > ^ S5 9 v 
3  q , q .
±  X  X9 v v
G O O
INI (M  CMX X X
U  U  (J x x xu  0  u
S S Q S S S t S S S S S R R R R S K R f c R R S
6 0
I I I I I I I I I I I I I I I  IICT'i v' O' CT1* V" v< 9^  ^  ON 9\ Q\ ON ON ON 9^
O Qj Q Qj & ^  Jj} JS JS jfi ,4 ,4 ^  3^ ^ qJ
l l i z z S z l i z z z z z z S i S  ill
j? 8  § 8 p"iS  Inr** in 3  o r * 3 c n O O O O O O o  o  o





+  + +W W W








I  I  8  I
t-. ■—
<N m m ^ r *r
+ + + + *+
UJ £ w w








H,  <i,  H, H*
X X X X X


































219. a+CHao=Ha+cao (ENDCHjQ) 3.160E+13
220. H0 2+a=Ha+0 2 {START Ha OXIDATION) 8.000E+12
221. QH 0 +0 =Ha+0 2 3.160E+13
222. H0 2+a=OH+oa 2.500E+13
0. 0. Miller (1984)
0. 30700. Miller (1984)
0. 25000. Miller (1984)
2.650 -1800. Miller (1984)
0. 6300. Miller (1984)
0. 0. Miller (1984)
0. 0. Miller (1984)
0. 3329. Miller (1984)
0. 0. Miller (1984)
0 0. Miller (1984)
0. 0. Miller (1984)
0. 69601. Miller (1984)
0. 65901. Miller (1984)
0. 12199. Miller (1984)
0. 0. Miller (1984)
0. 0. Miller (1984)
0. 0. Miller (1984)
0. 0. Miller (1984)
0. 0. Shum and Benson (1981)
0. 0. Shum and Benson (1981)
0. 1700. Shum and Benson (1981)
223. h c i+h o 2=c i+h 2o 2 2.000E+12






230. M +a2=a+a+M 1.430E+13
231. o o c i= o 2+ci 4.500E+13
232. a+ H 2=HQ+H (END HO OXIDATION) 2.800E+13
233. c h 2c i2=c h c i+h ci (CH2a 2 d ec o m po sitio n ) 3.200E+13
234. c h 2ci2=c h 2c i+ci 2.500E+15
235. c h 2ci2=c h c i2+h 1.600E+27
236. H+CH2a 2=CHa2+H2 5.470E+07
237. H+CH2a 2=CH2a + H a 5.470E+07
238. H+cH2a 2=CH3a + c i 1.000E+10
239. a+CH2a 2= cH a2+H a 3.470E+13
240. ci+CH2ci2=CH2c i+ a 2 1.000E+14
241. o+CH2a 2=OH+cHa2 1.050E+13
242. o+CH2a 2=oa+CH2ci 1.050E+13
243. 0H+CH2CI2=H20+C H a2 1590E+06
0. 17200. Shum and Benson (1981)
0. 1000. Shum and Benson (1981)
0. 11200. Shum and Benson (1981)
0. 9396. Shum and Benson (1981)
0. 59%. Shum and Benson (1981)
0. 50886. Shum and Benson (1981)
0. 6700. Shum and Benson (1981)
0. 47200. Shum and Benson (1981)
0. 240. Shum and Benson (1981)














244. c ih o +c h 2c i=o h +c h 2c i2 3.200E+12
245. o 2+c h 2ci2=h o 2+c h c i2 8300E+13
246. H02+CH2C12=H20 2+CHC12 (ENDCH2C12) 1590E+06
247. CHC13=CC12+Ha (CHa3 DECOMPOSITION) 3200E+13
248. c h c i3=c h c i2+ci 2.500E+15
249. c h c i3=c c i3+h 1.600E+27
250. H +cH a3= c a 3+H2 5.470E+07
251. H+CHC13=CHC12+HC1 5.470E+07
252. H+CHC13=CH2C12+C1 1.000E+10
253. c i+c h c i3=c c i3+h c i 6.900E+12
254. a+cH Ci3=CHCi2+ a 2 1.000E+14
255. o +c h c i3=o h +c ci3 1.000E+13
256. o +c h c i3=o c i+c h c i2 1.050E+13
257. o h +c h c i3=h 2o +c c i3 1590E+06
258. ClHO+CHCl2=OH+CHa3 3200E+12
259. o 2+c h c i3=h o 2+c c i3 8.300E+13
260. H02+CHa3*H2o 2+ c a 3 (e n d c h q 3) 1590E+06
261. c a 4=cci3+ a  <ca4 d eco m po stio n ) 2J00E+15
262. H + ca4* c a 3+H a 5500E+07
263. H + ca4=CHa3+ a 1.000E+10























265. o + cc i4=oci+cci3 1.000E+13
266. ClHO+CCl3=CCl4+OH (END CC14> 3200E+12







274. o h +chci2=cci2o +h2 7.940E+12
275. a+C H 02=H a+ca2 (end  c h o 2) 1.780E+13
276. c a 3+o2= c a 2o + o a  t c a 3 oxidation) 1.000E+12
277. c a 3+ o = c a 2o+ci 1.000E+14
278. c a 3+OH=ca2o+ H a 1.000E+13
279. c c i3+ o ci= ca 2o a 2 (end  c a 3) 1.000E+14
280. CH2Cl+CHa2=CHCl3CH2 (START ETHANES) 1.990E+12
281. a i a 3CH2 = H a+ ca2CH2 2.000E+13
282. CHQ3CH2 =Ha+ 2XCOE+13
283. CH3+CHa2*CHCH3a 2 1.990E+12
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328. c 2c i+ a 2=c2a 2+ci 1.780E+13 0. 0.
329. c 2ci+ o2= c a o + c o 1.000E+13 0. 3000.
330. c 2ci2+ o c i= c a 3+ co 5.600E+12 0. 0.
331. C2a 2+OH=CHCl2+CO 1.780E+13 0. 0.
332. c2c i+c ih o =c 2c i2+o h 1.780E+13 0. 0.
333. c^ + c m x w tc^  (e n d c ^ ) 4.100E+08 15 1697.
334. C2HC1+H=C2H+Ha (START OF CjHCl) 1.000E+14 0. 0.
335. C2H+C12=C2HC1+C1 1.780E+13 0. 0.
336. C2Ha+OC1=CHCl2+CO 5.600E+12 0. 0.
337. C2HCl+OH=CH2Cl+CO 1.780E+13 0. 0.
338. C2H+aHO=C2HCl+OH 1.780E+13 0. 0.
339. C2HC1+0=C0+CHC1 (END C^HCl) 4.100E+08 15 1697.
340. C H j+ C lj^C H ^ (CHjClj RECOM.) 1.000E+12 0. 0.
341. CHa+Cl2=CHa3 (CHd3 RECOM.) 1.000E+12 0. 0.
Notes: a. Reaction rate taken from reaction sequence in Table 3-4.
b. Same rate constant as reaction (254).
c. Kondratiev (1972) as reported by Chang et al (1986).
d. Reaction given the same rate constants as the analogous 
CH2C1 reaction in Miller (1984)
e. Estimated.
f. Complex reaction representing the elementary reactions shown
in Table 3-5.
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m e th a n e  rea c t io n  s e t ,  c o n s i s t s  of 123  re a c t io n s  a n d  c o m p r i s e s  th e  
b a s ic  C 1/ C 2 /H /O  re a c t io n s .  T h is  rea c t io n  s e t  is s im ilar to th e  th e  
m e th a n e  rea c t io n  s e t  of D. Miller (1984).
T h e  m ethyl ch lo r id e  rea c t io n  s e t  h a s  9 4  re a c t io n s ,  all ta k e n  
from Miller (1984), a n d  Miller e t  al (1985) . Inc luded  a re  th e  methyl 
c h lo r id e  initiation r e a c t io n s ,  th e  C H 2 CI reac t io n  s e t ,  a n d  th e  
c h lo r in e /h y d ro c a rb o n  in te rac t io n  re a c t io n s  for th e  h y d r o c a rb o n s  in 
th e  m e th a n e  rea c t io n  se t .
T h e  las t  th re e  reac t io n  s u b g ro u p s  w e re  d e v e lo p e d  for th is 
p ro jec t  a n d  will b e  d i s c u s s e d  in S e c t io n s  3-3 th ro u g h  3-6.
All of th e  r e a c t io n s  in T a b le  3-1 h a d  to first b e  c h e c k e d  for
th e rm o d y n a m ic  c o n s is te n c y  b e fo re  they  cou ld  b e  u se d .  For a
rea c t io n  to  b e  th e rm o d y n am ica lly  c o n s is te n t ,  it m u s t  h a v e  a  r e v e r s e
re a c t io n  r a te  c o n s t a n t  th a t  is ph ys ica lly  rea lis tic  o v e r  th e
te m p e r a tu r e  r a n g e  of in te res t .  T h e  r e v e r s e  rea c t io n  ra te  c o n s ta n t ,
k r , is c a lc u la te d  from th e  fo rw ard  r a te  c o n s ta n t  a n d  th e  equilibrium
c o n s ta n t ,  a s  in Eq. 2-15. An a c c e p ta b le  ra te  c o n s ta n t  w ould  b e  o n e  
1 8b e lo w  10 , in C G S  units. T h e  te m p e ra tu re  r a n g e  u s e d  to  c h e c k  the
re a c t io n s  w a s  3 0 0  K to 2 0 0 0  K
H aving  ra te  c o n s t a n t s  th a t  a r e  no t phy s ica lly  rea lis tic  w a s  
fo u nd  to lead  to  n o n rea lis tic  so lu t io n s ,  o r  non  c o n v e rg e n t  so lu tions . 
T his  a p p ro a c h  to  s c re e n in g  re a c t io n s  w a s  a ls o  s u g g e s t e d  by  Sm ith 
( 1 9 8 8 ) .
All th e  r e a c t io n s  in T ab le  3-1 w e re  found  to b e  
th e rm o d y n a m ic a l ly  c o n s i s te n t  e x c e p t  r e a c t io n s  20 3  a n d  2 0 5 . T h e s e
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T a b le  3-2 . T h e  five reac t io n  g ro u p s  th a t  c o m p r is e  th e  
re a c t io n  m e c h a n is m .
G roup R eac tions
1 M e th a n e  reac t io n  se t .
2 M ethyl ch lo r id e  reac t io n  s e t .
3 Initiation r e a c t io n s  for th e  o th e r  c h lo r in a te d  
m e t h a n e s .
4 C h lo ro e th a n e s  a n d  th e  c h lo r in a te d  e th e n e s  
fo rm atio n  a n d  d e p le t io n  re a c t io n s .
5 O th e r  r e a c t io n s .
two re a c t io n s  w e re  c o n s id e r e d  to b e  irrevers ib le . All o th e r  
r e a c t io n s  a r e  r e v e rs ib le .
3 .2 .  R E A C T IO N S
T h e  m e th a n e  reac t io n  s e t  is c o n ta in e d  in re a c t io n s  (1)-(124).
T h e  m ethyl ch lo r id e  rea c t io n  s e t  is re a c t io n s  (1 2 5 )-(2 1 9 ) .  T h e s e
w e re  ta k e n  from  Miller (1984) a n d  Miller, e t  al (1985). N ot all of
th e  re a c t io n s  in t h e s e  r e f e re n c e s  w e re  u s e d  in th e  p r e s e n t  work.
T h e  m e th o d  for d e te rm in in g  w hich  re a c t io n s  c o u ld  b e  e l im in a te d  w a s
to first e lim ina te  s p e c i e s  th a t  did n o t h a v e  a  la rg e  e n o u g h  r a te  of
c re a t io n  a n d  d e s tru c t io n .  Any s p e c ie s  with a  c re a t io n  r a te  of le s s  
-7  *1th a t  10 g /c m  / s e c  w a s  no t  u s e d .  All of th e  re a c t io n s  con ta in ing  
a n y  o n e  of t h e s e  s p e c i e s  w e re  e lim ina ted .
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T h e  HCI ox id a tio n  s e t ,  r e a c t io n s  (220)-(2 32 ) ,  from  Miller 
(1984) w e r e  found  to  b e  incorrectly  ta k e n  from  th e  orig inal 
r e fe re n c e  (S hum  a n d  B e n so n , 1983). T h e  r a te  c o n s ta n t  v a lu e s  for 
(220)-(23 2 )  w e re  ta k e n  d irec tly  from S h u m  a n d  B e n s o n  (1983).
3 .3 .  M E T H O D S O F  A SSIG N IN G  REA CTIO N  RATE C O N S T A N T S
Two m e th o d s  of a s s ig n in g  reac t io n  r a te  c o n s ta n t  p a r a m e te r s  
w e re  u s e d  to e s t im a te  th e  r a te  p a r a m e te r s  for rea c t io n  g ro u p s  3 
th rough  5 in T ab le  3-2. T h e  first m e th o d  w a s  to a s s ig n  r a te  
c o n s ta n t s  by using  th e  ra te  c o n s ta n t s  of a n a lo g o u s ,  o r  m odel, 
rea c t io n s .  T h u s ,  a  ra te  c o n s ta n t  w a s  a s s ig n e d  to  a  reac tio n  by using 
th e  s a m e  r a te  c o n s ta n t  from a  sim ilar rea c t io n ,  for w hich  th e  ra te  
c o n s ta n t  is know n. This m e th o d  of a s s ig n in g  ra te  c o n s ta n t s  w a s  
u s e d  by Miller (1984) a n d  by F renk lach  a n d  W a rn a tz  (1987).
S e c o n d ly ,  r a te  c o n s t a n t  p a r a m e t e r s  for ra d ic a l- ra d ic a l  
r e a c t io n s ,  b a s e d  on  th e  rad ica l  p a r tn e r s  pa rtic ipa ting  in th e  
reac tion , w e re  a s s ig n e d .  T his m e th o d  of a s s ig n in g  r a te  c o n s ta n t  
p a ra m e te r s  w a s  u s e d  by D. Miller (1984). T h e  ra te  c o n s ta n t s  a n d  th e  
a s s o c i a t e d  rad ical p a r tn e r s  a r e  g iven  in T ab le  3-3 , w hich  w a s  tak en  
d irec tly  from  D. Miller (1984). A ccord ing  to  Miller, t h e s e  v a lu e s  
w e re  in ferred  by  e x a m in a t io n  of th e  f re q u e n c y  f a c to r s  for sim ilar 
r e a c t io n s  ta b u la te d  by B e n so n  (1976) a n d  in G o ld en  a n d  L arsen  
(1984). T h e s e  r a te  c o n s ta n t s  w e re  a s s i g n e d  to rad ica l-rad ica l  
r e a c t io n s  th a t  h a d  o n e  of th e  rad ic a ls  lis ted  in T a b le  3 -3  a s  a  
r e a c t io n  p a r tn e r .
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T a b le  3-3 . R a te  c o n s ta n t s  a s s ig n e d  by rad ical reac tio n  
partners.
Radical P ar tner
H
O
Cl, OH, CH 
OCI, CCI
CIHO, CHCI
H eavy  a n d  Com plex 
R adicals
R a te  C o n s tan t  
(C G S units)
1 .0 0  x 1 0 1 4
3 .16  x 1 0 1 3 
1.78 x 10 1 3  
5 .62  x 1 0 1 2
3 .16  x tO 1 2
1 .0 0  x 1 0 1 1
3.4 . REACTIONS WITH RATE CONSTANT ASSIG N ED  BY 
REACTION GROUP
T h e  c h lo r in a te d  m e th a n e  d e p le t io n  r e a c t io n s ,  (233)-{266), 
w e re  t r e a te d  a s  a  reaction  g roup . T he  s e t  of re a c t io n s  u s e d  to 
d e s c r ib e  th e  dep le tio n  of e a c h  s p e c i e s  in th is g rou p , w hich  in c lu d es  
C H 2 CI2 , C H 3 CI, CHCI3 , a n d  CCI4 , is g iven  in T ab le  3-4.
T h e  r a te  c o n s t a n t s  for re a c t io n s  (A-2) th ro u g h  (A-14) a re  
th o s e  of th e  CH3 CI re a c t io n s  g iven  in Miller (1984). T h e  ra te  
c o n s ta n t  for reac t io n  (A-1) is t h e  ra te  c o n s t a n t  for R e a c t io n  (1), 
C H 4  <-— > C H 3 + H, in T ab le  3-1. T h e  ra te  c o n s ta n t s  for th e  o th e r  
ch lo r in a ted  m e th a n e s  a re  th e n  tak e n  a s  th a t  of th e  a n a lo g o u s  CH 3 CI 
reac t io n  in T ab le  3 -1 . T h e  only e x c e p t io n s  a re  t h o s e  re a c t io n s  for 
w hich  e x p e r im e n ta l  d a t a  a r e  ava ilab le .  T h e s e  a r e  re a c t io n s  (253),
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T a b le  3-4 . T h e  reac t io n  s c h e m e  for th e  c h lo r in a te d  h y d ro c a rb o n
initiation rea c t io n s .  C H 3 CI: n - 3 ,  m - l;  C H 2 CI2 : n - 2 ,  m « 2 ; 
CHCI3 : n - 1 , m -3 ;  a n d  CCI4 : n - 0 ,  m -4 .
( A - 1) CHnClm ■—> CHn-iC lm + H
(A-2) CHnClm CHnClm -l + a
(A-3) CHnCl,„ —» CHn. iC lm - l + HCl
(A-4) CHnClm + H —* CHnClm . 1 + HC1
(A-5) CHnClm + H — ► CH „.iC lm + «2
( A-6) CHnClm + H —* CHn+lClm-i + Cl
( A-7) CHnClm + CH —> CHn-lClm + H2 O
( A-8) CHnClm + CH — > CHnClm-l + C1H0
(A-9) CHnClm + 0 —* CHn-iC lm + CH
( A - 10) CHnClm + H02 —♦ CHn*lClm + H202
( A - 1 1) CHnClm + 02 CHn-lClm + HO2
( A -1 2) CHnClm + ci —» CHn-lClm + HCl
( A -13) CHnClm + a CHnClm-l + Cl2
(A-14) CHnClm + 0 —> CHnClm-l + o a
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(254), (260), (264), a n d  (265). T h e  ra te  c o n s ta n t s  for t h e s e  
re a c t io n s  w e re  ta k e n  from  K ondra tiev  (1972), a s  re p o r te d  by C h a n g , 
e t  al (1986). R e ac tio n  (240) w a s  g iven  th e  s a m e  r a te  c o n s ta n t  a s  
R e a c t io n  (254).
T h e  CHCI2 r e a c t io n s ,  R e a c t io n s  (267)-(275), w e re  g iven  th e  
s a m e  ra te  c o n s ta n t s  a s  th e  a n a lo g o u s  C H 2CI re a c t io n s  in th e  methyl 
ch lo r id e  rea c t io n  s e t .  R e a c t io n s  (286 )-(29 4 ) , th e  e th y le n e  ch lo r id e  
reac tio n  s e t ,  h a v e  th e  ra te  c o n s ta n t s  of th e  a n a lo g o u s  C 2 H 4 
re a c t io n s .  R e a c t io n s  (286) a n d  (287) a re  ta k e n  directly  from  Miller 
(1984), a s  a r e  r e a c t io n s  (306), (307), a n d  (326).
3 .5 . C 2  FO R M A TIO N  R E A C T IO N S
R e a c t io n s  (2 9 5 )-(3 0 5 ) ,  a n d  (3 0 8 )-(3 1 3 ) ,  th e  e th e n e  fo rm ation  
re a c t io n s ,  w e re  all g iven  a n  e s t im a te d  ra te  c o n s ta n t  of 1 .0E + 13 .
T h e s e  re a c t io n s  a r e  all rad ica l- rad ica l  re c o m b in a t io n  to  e th e n e s .
T h e s e  e th e n e  fo rm ation  re a c t io n s  a r e  no t e le m e n ta ry  re a c t io n s ,  bu t 
a r e  c o m p lex  re a c t io n s  re p re se n t in g  th e  reac t io n  s c h e m e  sh o w n  in 
T ab le  3-5.
To p ro v ide  all th e  c h lo r in a te d  e th a n e  fo rm ation  a n d  d ep le tion  
re a c t io n s  w ould  req u ire  th a t  fifteen m o re  s p e c i e s  b e  a d d e d  to  th e  
m e c h a n ism . This w ould  b e  a  2 5 %  in c re a s e  in the  n u m b e r  of s p e c ie s  
a n d  a t  l e a s t  a  2 5 %  in c r e a s e  in th e  c o m p u te r  t im e  req u ire d  to ob ta in  
a  so lu tion . M ore  im portantly , th e  e x p e r im e n ta l  e v id e n c e ,  M o rse  
(1988), S e n s e r  (1985), a n d  Miller (1964), in d ic a te s  th a t  th e  
d o m in a n t  rad ic a l  re c o m b in a t io n  re a c t io n s  involving c h lo r in a te d
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Table 3-5.  The elem entary ethane form ation and depletion  
reactions, and the elem entary ethene form ation  
rea c tio n s .
Ethane formation and depletion. (a+b=3, c+d=3, e+f=6)
( B - l ) CHaClb + CH<;Cld <—> C2HcClf
(B-2) CHeClf + X * i 1 I V C2He_iClf + XC1
(B -3 ) CHcClf Ak11V
X+ C2HcC1m  + XH
x=CI, O. OH. H, 
X=C1,0. OH. H.
Ethene formation. (a+b=3, c+d=3, e+f=6)
(B-4) C2HeClf < — >
(B -5 ) CHaClb + CHcCld < —>
(B-6) CHaClb + CHcCld <—>
(B-7) CHc-lCtf + X <—>
(B-8) CHeClM + X <—>
C2He- lC lM  + HO .
C2He. iC lf . i  + HCl .
C2HeClf-2 + Cl2 ,
C2Hc.iClf-i  + XC1 ; X=a.O.OH.H.
C2He- iC lM  + XH ; X=CI,O.OH,H
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h y d ro c a rb o n s  d o  form e th e n e s ,  a n d  not e th a n e s ,  a s  would b e  
e x p e c te d  in a  p u re  h y d ro ca rb o n  f lam e. T his  is ev id e n t  by th e  lack of 
e th a n e s  m e a s u r e d  in th e  e x p e r im e n ts .  Also, m odeling  h a s  show n  
th a t  rea c t io n  r a te  f luxes th ro u g h  th e  c h lo r in a te d  e t h e n e s  is 
c o n s id e ra b ly  la rg e r  th an  th e  f luxes  th ro u g h  th e  c h lo r in a te d  e th a n e s  
v ia  re a c t io n s  (280)-(284). T his  w ould  in d ica te  th a t  th e  e t h e n e s  a r e  
no t  e x te n s iv e ly  fo rm ed  th ro u g h  th e  c h lo r in a te d  e th a n e s .
3 .6 .  O T H E R  REACTION R A T E S
T h e  o th e r  reac tion  ra te  c o n s ta n t s  w e re  e s t im a te d .  T h is  w a s  
d o n e  by a s s ig n in g  th e  fo rw ard  r a te  c o n s ta n t  lis ted  in T ab le  3 -3  for 
ra d ic a l- rad ica l  r e a c t io n s .  All o th e r  re a c t io n s  w e r e  g iven  ra te  
p a r a m e t e r s  u s ing  th e  fo rw ard  r a te  c o n s ta n t  from  th e  m o s t  sim ilar 
reac t io n  in Miller (1985). E x ce p t  for t h e s e  re a c t io n s  all th e  ra te  
c o n s ta n t s  w e re  a s s ig n e d  b a s e d  on a  s tru c tu re d  a p p ro a c h .  T h a t  is, 
e a c h  reac tion  w a s  pu t in a  reac tion  c la s s  a n d  a s s ig n e d  th e  
c o r re s p o n d in g  r a te  for th a t  c la s s ,  o r  th e  ra te  c o n s ta n t  from  T a b le  3- 
3 is a s s ig n e d  b a s e d  on  th e  rad ica l reac tio n  p a r tn e r .  It is im portan t  
to  n o te  th a t  th e  ra te  c o n s ta n t s  a r e  a s s ig n e d  b e fo re  th e  a c tu a l  
m o de lin g  s ta r te d .  In th is w ay  th e  initial m odeling  e ffo rts  p ro v id e  a  
b a s e l in e  s e t  of re su l ts  from w hich  a n y  s u b s e q u e n t  c h a n g e  to th e  
ra te  c o n s t a n t s  c a n  b e  in te rp re ted .
4. SIMULATION RE SU L T S
4.1 VALIDATION OF THE CODE
T h e  c o d e  d e v e lo p e d  for th is p ro jec t  w a s  v a l id a te d  first by 
c o m p a r in g  its p red ic tion , a n d  th e  p red ic tio n s  from  a  c o m m e rc ia l  
c o d e  for a  free ,  s to ich io m etr ic ,  m e th a n e /a i r  flat f la m e  to 
e x p e r im e n ta l  d a ta  from B ech te l,  e t  al (1981), T h e  m e th a n e  s u b s e t  of 
th e  m e c h a n is m  g iven  in T ab le  3-1 , (i.e., th e  first 132  re a c t io n s ) ,  
w a s  u se d .  T h e  re su l ts  a r e  g iven  in F igure  4 -1 , a lo n g  with th e  
e x p e r im e n ta l  d a ta .  T h e  qua lita tive  a n d  q u a n ti ta t iv e  b e h a v io r  of th e  
m ajo r  s p e c ie s  a g r e e  well with e x p e r im e n t .  T h e  re s u l ts  in F igu re  4- 
1 a r e  very  c lo s e  to  th o s e  o b ta in ed  using  th e  SANDIA flat f lam e 
p ro g ram  with th e  s a m e  m e th a n e  m e c h a n ism . B a s e d  on  th is  s u c c e s s ,  
th e  a lg o r i th m s  d e v e lo p e d  for th e  c u r re n t  n um erica l  m o d e l w e re  
c o n s id e r e d  a c c u ra te ,  a n d  th e  m odel sufficiently s o u n d  to  b e  u s e d  for 
f u r th e r  s im u la t io n s .
O n e  p rob lem , how ever ,  w a s  th a t  th e  m o d e l did no t p red ic t the  
f re e  f la m e 's  s tan d -o ff  from th e  b u rn e r .  F igu re  4-1 s h o w s  th e  s t a n d ­
off to b e  1 .2  mm for th e  ex p er im e n ta l  f lam e. T h e  
c o m p u ta t io n p re d ic ts  a  b u rn e r  s tan d -o ff  of only 0 .8  m m. T h e  b u rn e r  
s ta n d -o ff  for a  f ree  f lam e  is th e  d i s ta n c e  from  th e  b u rn e r  to th e  
f lam e . F a ilu re  of th e  m o d e l  to co rrec tly  p red ic t  f lam e  s ta n d -o ff  
from  the  b u rn e r  w a s  a ttr ib u ted  to  p ro b le m s  with th e  m odel, a n d  not 
to  m e c h a n is t ic  p ro b lem s . In fac t  th is  p ro b lem  w a s  found  to  o c c u r  in 
all th e  flat f lam e m o d e ls  te s te d .  T h e  SANDIA f lam e  p ro g ram  a n d  the  
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Figure 4-1. Calculated and experimental species profiles for a 
free, stoichiometric, methane/air flame. Lines are calculations, 
points are experimental data from Bechtel et al (1981).
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profiles g e e r a t e d  by t h e s e  c o d e s  a r e  m o v ed  into c o in c id e n c e  with 
e x p e r im e n t  (Kee, e t  al, 1985; W arna tz , 1981). T h e  E E R C  prog ram  
p re d ic ts  a  b u rn e r  s tan d -o ff  c o m p a r a b le  to  th a t  in F ig u re  4-1 .
T h e  g e n e r a l  failure  of a  w ide  va rie ty  of f lam e  c o d e s  to  p red ic t  
so  b a s ic  a  p ro p e r ty  of th e  f la m e s  a s  s ta n d -o ff  d i s t a n c e  is not well 
u n d e rs to o d .  H o w ev er , p re lim inary  re s u l ts  in d ic a te  th a t  th e  b u rn e r  
s tan d -o ff  c a n  b e  co rrec tly  p red ic te d  if d iffusion of H a to m s  a n d  H2  
a r e  inh ib ited . By arb itrarily  d e c r e a s in g  th e  d iffusion  c o e ff ic ien t  for 
t h e s e  s p e c i e s  by a  fac to r  of ten , th e  c o d e  p re d ic te d  a  b u rn e r  s t a n d ­
off of 1 .2  m m.
4 .2  M E T H O D S O F  ANALYSIS
T h e  re s u l ts  from  e a c h  c o m p u te r  s im u la tion  w e re  e v a lu a te d  in 
th r e e  w a y s ,  g ra p h ic a l  a n a ly s is ,  rea c t io n  r a te  a n ly s is ,  a n d  sensitiv ity  
a n a ly s is .  T h e  th r e e  m e th o d s  a r e  d e s c r ib e d  h e re ,  with m o re  de ta il  
g iven  in S e c t io n s  4 .2 .1  th ro u g h  4 .2 .3 .  First, th e  s p e c i e s  profiles 
w e re  p lo tted  for th e  m ajo r  s p e c ie s ,  including th e  fue ls ,  O 2 . C O 2 , a n d  
CO. P rofiles  for te n  s ta b le  in te rm e d ia te  s p e c i e s  w e re  a ls o  
i llustra ted  d ow n  to 1 ppm  by vo lum e . E x p er im en ta l  v a lu e s  for th e  
s a m e  f la m e s  a r e  inc luded  w h en  ava ilab le .  S e c o n d ,  a  reac tio n  ra te  
a n a ly s is  w a s  m a d e  a t  e a c h  grid po in t a n d  o v e r  th e  e n tire  f lam e. This 
a n a ly s is  p ro v id es  th e  c re a t io n  a n d  d e s t ru c t io n  r a t e s  of e a c h  s p e c ie s  
a n d  re p o r ts  w hich re a c t io n s  c o n tr ib u te  to t h e s e  r a te s .  T h e  re a c t io n s  
a r e  s o r te d  for e a c h  s p e c i e s  by the  con tr ibu tion  in p e rc e n t  of th a t  
reac t io n  to th e  c re a t io n  or d e s tru c t io n  ra te  of th a t  s p e c ie s .  Third, a 
sensit iv i ty  a n a ly s is  w a s  p e rfo rm e d  to d e te rm in e  w h a t  c h a n g e  in th e
p a r a m e te r s  would h a v e  th e  la rg e s t  im pact on  th e  so lu tion . This 
g iv e s  a  m e th o d  for d e te rm in ing  th e  ra te  limiting s t e p s  in th e  
k ine tics .  T h e  sen s i t iv i t ie s  a r e  c a lc u la te d  a s  th e  d e r iv a tiv e  of th e  
s p e c i e s  p ro d u c tio n  r a t e s  with r e s p e c t  to  th e  fo rw ard  r a te  c o n s ta n t s .
In g e n e ra l ,  th e  reac tio n  ra te  a n a ly s is  c a n  b e  u s e d  to  d e te rm in e  
w hich  s p e c ie s  a r e  th e  m o s t  reac tive , a n d  w hich re a c t io n s  a r e  m ost 
im p o rtan t  to th e  k inetics  of a  s im ula tion . T his  inform ation  c a n  b e  
o b ta in e d  a t  e a c h  grid po in t a n d  su m m e d  o v e r  th e  en tire  f lam e, or 
s u m m e d  o v e r  a n y  sp ec if ied  reg ion  of th e  flam e. R e g io n s  of in te re s t  
in a  flat f lam e  include  th e  fuel p r e -h e a t  z o n e ,  th e  oxidation  z o n e ,  
a n d  th e  p o s t  f lam e z o n e .  T he  a n a ly s is  a ls o  p ro v id es  a  m e th o d  to 
d e te rm in e  which s p e c ie s  a n d  w hich re a c t io n s  a r e  not im portan t  to 
th e  so lu tio n .
A n o th e r  im portan t u s e  of th e  reac t io n  r a te  a n a ly s is  c a n  b e  to 
d e te rm in e  reac tio n  p a th w a y s  for th e  s im ula tion . T his  is d o n e  by 
first finding th e  re a c t io n s  th a t  d e p le te  a  fuel c o m p o n e n t .  Next, th e  
m o s t  s ig n if ican t  rea c t io n  p ro d u c ts  from t h e s e  re a c t io n s  a re  
d e te rm in e d .  T h e  re a c t io n s  th a t  in turn  a ffec t  t h e s e  s p e c i e s  a re  
found . As th is  p r o c e s s  is co n tin u ed , th e  reac tio n  p a th w a y s  a re  
m a p p e d  ou t from th e  fuel s p e c i e s  to th e  final c o m b u s t io n  p rodu c ts .
4 .2 .1  GRAPHICAL ANALYSIS
T h e  g ra p h ic a l  a n a ly s is  is u s e d  to  c o m p a r e  c a lcu la t io n  with 
e x p e r im e n t .  T his  m e th o d  of d a t a  a n a ly s is  is c a p a b le  of de te rm in ing  
th e  d e g r e e  of a c c u ra c y  of th e  num erica l s im ula tion . T h is  a lso  
p ro v id e s  a  q u a n ti ta t iv e  m e th o d  for a s s ig n in g  th e  d e g r e e  of
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c o n f id e n c e  th a t  c a n  b e  p lac ed  on  th e  num erica l re su l ts .  W h en  th e  
c o rre la t io n  b e tw e e n  ca lcu la tio n  a n d  e x p e r im e n t  is high, th e  d e g r e e  
of c o n f id e n c e  in the  m odel is high. By co m p a r in g  th e  individual 
s p e c i e s  p rofiles  o b ta in e d  in th e  m o de l to  t h o s e  o b ta in e d  from  
e x p e r im e n t ,  a  c o n f id e n c e  level c a n  b e  a s c r ib e d  to  e a c h  s p e c i e s  for 
w hich  e x p e r im e n ta l  d a t a  a r e  av a i la b le .  D e term in ing  th e  c o n f id e n c e  
level of th e  c o m p u ta t io n a l  m odel, o b ta in e d  by c o m p a r in g  
c o m p u ta t io n a l  r e s u l ts  with e x p e r im e n ta l  r e s u l ts ,  is n e c e s s a r y  
b e fo re  th e  m odel c a n  b e  u s e d  for o th e r  co m p u ta t io n a l  e x p e r im e n ts ,  
for w hich  e x p e r im e n ta l  d a ta  a r e  no t  av a i la b le .
For c o n v e n ie n c e  in d e sc r ib in g  s o m e  a s p e c t s  of a g r e e m e n t  
b e tw e e n  c o m p u ta t io n a l  a n d  e x p e r im e n ta l  r e s u l ts  for th e  s ta b le  
in te rm e d ia te s ,  a  m e th o d  w a s  d e v ie s e d  to c o m p a r e  th e  p e a k  v a lu e s  of 
th e  c o m p u ta t io n a l  profiles to th e  e x p e r im e n ta l  p e a k  v a lu e s .  T he  
p e a k s  w e re  e v a lu a te d  for th e  d e g r e e  of co rre la t ion  of th e  
m a g n i tu d e s  of th e  p e a k s  a n d  th e  position of th e  p e a k s .  T h e  
m a g n i tu d e s  a r e  c o m p a re d  by d e te rm in in g  th e  d if fe ren c e  b e tw e e n  th e  
c o m p u ta t io n a l  p e a k  a n d  th e  e x p e r im e n ta l  p e a k  a s ,
F actor =
{
exp . peak value  
calc, peak value 
calc, peak value 
exp . peak value
, when calc, peak >  exp . peak
, when exp. peak >  calc, peak
( 4 - 1 )
T h e  d i s t a n c e s  a r e  c o m p a re d  a s ,
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AX -  /  lexP* ^*s t‘ " c a c^ * dist.) * when exp. dist. >  calc . dist. \ (4 -2 )
(calc. d ist. - exp. dist.) , when calc. dist. >  exp. dist.
C o m p a r is o n s  of th e  p e a k  v a lu e s  w e re  m a d e  for e a c h  s ta b le  
in te rm e d ia te .  T h e  v a lu e s  of th e  e x p e r im e n ta l  p e a k s  r a n g e d  from 1 
ppm  to 5 0 0 0  ppm . T h e  re su l ts  of th e  c o m p a r iso n  w e r e  c la ss if ied  
arbitrarilly a s  "g o o d ”, "fair", or "poor", d e p e n d in g  on  th e  v a lu e s  of 
F ac to r  a n d  AX c a lc u la te d  from E q u a tio n s  (4-1) a n d  (4-2). For a  
c o m p a r iso n  to b e  g o o d  th e  F ac to r  m ust b e  le s s  th an  th re e ,  a n d  th e  AX 
m ust b e  le s s  th a n  0 .3  mm. For a  c o m p ar iso n  to  b e  poor, Fac to r  w a s  
g r e a te r  th a n  10, a n  o rd e r  of m ag n itu d e .  All o th e r  c o m p a r is o n s  w e re  
c la s s i f ie d  a s  fair.
U s e  of th is  a p p ro a c h  to d e te rm in e  th e  a g r e e m e n t  b e tw e e n  
ca lcu la tio n  a n d  e x p e r im e n t  w a s  a d o p te d  to  p rov id e  a  r e a d y  re f e re n c e  
for c o m p a r is o n ,  a n d  a  quick, q u an ti ta t iv e , su m m a ry  of th e  s u c c e s s  of 
th e  m odel. A m odel a b le  to p red ic t  p e a k  v a lu e s  to  within a  fac tor of 
th ree ,  a n d  to  within 0 .3 m m  of th e  e x p e r im e n ta l  p e a k ,  g iv e s  o n e  a  
pow erfu l tool for p red ic ting  th e  b e h a v io r  of a  h a z a rd o u s  
in te rm e d ia te  s p e c ie s  in a  flat f lam e  a n d  p o ss ib ly  u n d e r  m o re  
co m p lex  s i tu a tio n s , su c h  a s  b o u n d a ry  layer  q u e n c h ,  th a t  m u s t  o c cu r  
o p e r a t i o n a l ly .
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4 .2 .2  REACTION RATE ANALYSIS
A reac t io n  ra te  a n a ly s is  w a s  p e rfo rm ed  o n  th e  r e s u l ts  of e a c h  
c o n v e r g e d  so lu tion . T h e  s p e c i e s  p roduction  ra te s ,  coj, g / c m ^ / s e c ,  
w e re  c a lc u la te d  for e a c h  s p e c ie s ,  j. T h e  con tr ibu tion  to th e  
p roductio n  ra te  of e a c h  s p e c ie s  by reac tion  w a s  a ls o  c a lc u la te d .  T h e  
s p e c i e s  p rod uc tion  ra te  c a n  b e  written a s  th e  s u m  of a  c re a t io n  ra te , 
a n d  a  d e s t ru c t io n  ra te
E ac h  reac t io n  in w hich s p e c i e s  j p a r t ic ip a te s ,  c o n tr ib u te s  to  coj by 
an  a m o u n t  R j,n . w h e re  n is th e  reac tion  n u m b e r  of th e  reac tio n  being  
c o n s id e r e d  a n d
N is th e  total n u m b e r  of r e a c t io n s  in w hich  s p e c i e s  j p a r t ic ip a te s .
For e a c h  reac t io n  n t th e r e  is a  con tribu tion  to  th e  c re a t io n  
ra te ,  a n d  a  con tribu tion  to  th e  d e s tru c t io n  ra te .  If s p e c i e s  ) is a  
r e a c ta n t  in re a c t io n  n, th e n  th e  d e s t ru c t io n  r a te  is th e  forw ard  
reac t io n  ra te  a n d  th e  c re a t io n  ra te  is th e  r e v e r s e  reac t io n  ra te .  If 
s p e c i e s  j is a  p roduct, th e n  th e  d e s t ru c t io n  ra te  is th e  r e v e r s e  
reac t io n  r a te  a n d  th e  c re a t io n  ra te  is th e  fo rw ard  rea c t io n  ra te .
T h e  v a lu e s  of R j.n , for bo th  c re a t io n  a n d  d e s tru c t io n ,  a r e  
c a lc u la te d ,  a n d  th e n  so r te d  for e a c h  s p e c ie s ,  j, in d e s c e n d in g  order.





For e a c h  s p e c ie s  th e  c re a t io n  r a te  a n d  th e  total d e s tru c t io n  ra te  a re  
p rin ted . E ac h  reac t io n  th a t  c o n tr ib u te s  a t  l e a s t  0.1 p e rc e n t  to th e  
c re a t io n  ra te  o r  th e  d e s tru c t io n  ra te  is p rin ted , a g a in  in d e s c e n d in g  
o rd er .  T h e  reac tion  ra te s  for e a c h  of t h e s e  s p e c i e s  is g iven  by 
p e r c e n t  of con tr ibu tion  a n d  by  rea c t io n  r a te  in g / c m 3 / s e c .
4 . 2 .3  SENSITIVITY ANALYSIS
T h e  sensitiv ity  a n a ly s is  u s e d  h e re  is th e  d e r iv a tiv e  of th e  
s p e c i e s  p ro d u c tio n  ra te ,  coj, of e a c h  s p e c i e s  j, with r e s p e c t  to  th e  
fo rw ard  r a te  c o n s ta n t s ,  kf,n , of e a c h  reac t io n  n, in which th e  
s p e c i e s  p a r t ic ip a te s .  T h e  p roduction  r a te  c a n  b e  w ritten  in te rm s  of 
th e  fo rw ard  r a te  c o n s ta n t ,
N
Wj “  £ Vin
M 1 KuU [xm]
m=l
mn
t  M Kf,n
K n H
mn
( 4 - 5 )
w h e r e
v' are the stoichiom etric coeffic ien ts o f the product species, 
v" are the stoichiom etric coeffic ien ts o f  the reactant species, 
[x m 1 is the concentration o f species m, 
and the relationsh ips  
vjn = v"jn - v'j n 
k r  = k f / K c
h a v e  b e e n  u se d .  Kc is th e  equilibrium  c o n s ta n t .
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c*nm-l (4 -6 )
T h e  sensitiv ity  p a r a m e te r s  a r e  c a lc u la te d  for e a c h  s p e c i e s  by 
reac tion , a n d  th en  so r te d  in d e s c e n d in g  o rder .  T h e  p rin ted  o u tp u t  for 
th e  se n s i t iv i t ie s  in c lu d e s  th e  rea c t io n  a n d  th e  a s s o c i a t e d  
sensitiv ity  va lue . T h e  sen s i t iv i t ie s  a r e  s u m m e d  for e a c h  s p e c ie s ,  
a n d  only t h o s e  re a c t io n s  th a t  a r e  a t  le a s t  o n e  p e rc e n t  of the  s u m m e d  
v a lu e  a r e  p rin ted .
4 .3  C O M P A R IS O N  TO  EXPERIM ENTAL R E S U L T S
4.3 .1  SIM U LA TIO N S O F  THE C H 2C I2  FL A M ES
Five c a s e s  w e re  s im u la te d  u s ing  d iffe ren t  d ic h lo ro m e th a n e -  
m e th a n e -a i r  fuels . T h e s e  c a s e s  a r e  g iven  in T ab le  4-1 . C a s e  A-2 in 
T ab le  1-3 cou ld  not b e  m o d e le d  a s  a  flat flam e. C a s e  A-2  h a s  a  Cl/H 
ratio of 0 .7 2  a n d  0 - 0 . 7 8 .  A ttem p ts  to  m o d e l th is  f lam e  w e r e  not 
s u c c e s s fu l . in s o fa r  a s  th e  f lam e  w ould  no t  p r o p a g a te  itself, a n d  th e  
f lam e  w e n t  out. T he  final c o n v e rg e d  so lu tion  g a v e  only th e  fuel 
v a lu e s  th ro u g h o u t  th e  f lam e. T h e  te m p e r a tu re  th ro u g h o u t  th e  flam e 
w a s  th e  b u rn e r  t e m p e ra tu re .
It is b e liev ed  to  b e  th a t  th e  Cl/H ratio  of 0 .7 8  is o u ts id e  th e  
flam m ability  r a n g e  for a  flat f lam e . C onv inc ing  e x p e r im e n ta l  
e v id e n c e  is p r e s e n te d  by S e n s e r  (1985), w ho  found  th a t  th is f lam e
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T a b le  4 -1 . T he  fuel co n d it io n s  of th e  five a b le  4-1.
d ic h lo r o m e th a n e - m e th a n e - a i r  f l a m e s  th a t  w e re  
s i m u l a t e d
C a s e  Fuel Cl/H O B urner  T e m p e ra tu re ,  K
C a s e  A-1 c h 2 c i 2 /c h 4 0 .33 0 .7 72 500
C a s e  A-3 c h 2 c i 2 / c h 4 0 .33 1 .1 0 350
C a s e  A-4 c h 2 c i 2 / c h 4 0 .34 1.01 45 0
C a s e  A-5 c h 2 c i 2 / c h 4 0 .062 0.81 4 5 0
C a s e  A-6 c h 2 c i 2 / c h 4 0.50 0 .80 4 5 0
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w a s  tw o -d im en s io n a l .  T he  f lam e w ould not p r o p a g a te  a s  a  o n e ­
d im e n s io n a l  f lam e. In s te ad ,  th e  o u te r  e d g e s  of th e  f lam e w ould  
"wrap up", red u c in g  th e  o u te r  e d g e  of th e  f lam e  "well within th e  
d ia m e te r"  of th e  bu rn e r .
To a llev ia te  th is  e x p e r im e n ta l  p rob lem , S e n s e r  u s e d  a  
m e th a n e /a i r  sh ro u d  g a s  to  k e e p  th e  highly c h lo r in a te d  f lam e  
p ro p a g a t in g  a n d  s tab ilized . T he  sh ro u d  g a s  w a s  u s e d  in all of the  
e x p e r im e n ta l  f la m e s .  In princiiple  th is  in tro d u c e d  rad ia l  s p e c ie s  
p ro files , a n d  w ou ld  req u ire  a  tw o -d im e n s io n a l  m o d e l for c o rre c t  
s im ula tion . H o w ever, S e n s e r  c o n d u c te d  a  n u m b e r  of radial t r a v e r s e s  
ea r ly  in his w ork a n d  found  th a t  th e re  w e re  no  o b s e rv a b le  radial 
s p e c i e s  v a r ia t io n s .
A sim ula tion  of C a s e  A-2 could , in fact, b e  m a d e  u s ing  th e  o n e ­
d im e n s io n a l  f lam e  c o d e ,  by im posing  a n  e x te rn a l  ignition so u rc e  on 
th e  t e m p e r a tu r e  profile. In o th e r  w o rd s ,  a  p re d e te rm in e d  
te m p e r a tu re  w a s  s e t  a n d  m a in ta in ed  in th e  e n e rg y  e q u a t io n .  This 
t e m p e ra tu re  cou ld  b e  s e t  a t  a  location a n d  a t  a  m a g n i tu d e  s u c h  th a t  
C a s e  A-2 cou ld  b e  s im u la ted . H ow ever, it w a s  th o u g h t  th a t  this 
s im u la tion  w ould  no t b e  a p p ro p r ia te  in a  o n e -d im e n s io n a l  m odel. In 
th a t  c a s e  in te rp re ta t ion  of th e  e x h a u s t  g a s  a n a ly s is  w ould  not b e  
c l e a r .
I n s te a d  of s im u la ting  C a s e  A-2, a  f lam e  with a  low er Cl/H 
ratio, C a s e  A-6 , w a s  m o d e led . C a s e  A-6  h a s  a  Cl/H ratio of 0.5, 
w hich  w a s  fo u n d  to  b e  within th e  f lam m ability  limits of a  o n e ­
d im e n s io n a l  f lam e. U nfortunate ly , no  e x p e r im e n ta l  d a t a  a r e  
a v a i la b le  for th is  c a s e .
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T h e  re s u l ts  of th e  d ic h lo ro m e th a n e  f lam e  s im u la t io n s  a r e  
g iven  in F ig u re s  4 -2  th roug h  4-11 . T h e  re su l ts  of e a c h  flam e a re  
p r e s e n te d  in s e v e n  g r a p h s  on  two p a g e s .  E ach  g ra p h  g iv e s  th e  
c o m p u ta t io n a l  resu lt,  a s  l ines, a n d  th e  e x p e r im e n ta l  r e s u l ts  of 
S e n s e r  (1985), a s  points . T h e  e x cep tio n  is C a s e  A-6 , w h e re  no 
e x p e r im e n ta l  d a ta  a re  sh ow n . T h e  first p a g e  for e a c h  f lam e s h o w s  
th e  m ajor s p e c ie s .  F igu re  (A) s h o w s  th e  m ajo r s p e c i e s  profiles, 
e x c e p t  for CO . The x ax is  for t h e s e  g r a p h s  e x te n d  to  3 m m  a n d  the  y 
ax is  from 0 to .20 m ole  fraction. F igure  (B) is a  g ra p h  of th e  s a m e  
d a ta  on a  sem i-log  sc a le .  H ere , th e  d a ta  a r e  sh o w n  th rough  the  
en tire  flam e, a n d  th e  x ax is  is 6  m m. This a llow s c o m p a r is o n  of 
t h e s e  m ajo r s p e c ie s  profiles dow n  to 1 ppm . F igure  (C) is a  g ra p h  of 
th e  C O  profile, which is a lso  sh o w n  to 6  mm a n d  0 .0 6  m ole  fraction 
on  th e  y axis .
T h e  s e c o n d  p a g e  of e a c h  s e t  h a s  four g ra p h s ,  show ing  th e  ten  
s t a b le  in te rm e d ia te s  for w hich  e x p e r im e n ta l  d a ta  a r e  a v a i la b le .  T he  
x a x is  of e a c h  g rap h  e x te n d s  to 3  m m, a n d  th e  y a x is  from 1 to 10000  
ppm  by volum e.
C a s e  A-1
T h e  s p e c i e s  profiles for C a s e  A-1 , C l /H .0 .3 3  a n d  0 = 0 .7 7 ,  a r e  
sh o w n  in F ig u re s  4 -2  a n d  4-3. For th is  c a s e  th e re  a r e  five "good" 
m a tc h e s  a n d  no  "poor" m a tc h e s  b e tw e e n  sim ula tion  a n d  ex p er im en t ,  
a s  d e f in e d  in S e c t io n  4 .1 .1 .  A b u rn e r  t e m p e ra tu re  for th is  c a s e  w a s  
50 0  K, w a s  n e c e s s a r y  to  m a tch  th e  co m p u ta t io n a l  C O  p e a k  with the  
ex p erim en ta l  C O  p e ak . T he  CO  behav io r  is sh ow n  in F igure  4 -2  (C).
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Figure 4 -2 .  Cose R-1, s p e c i e s  p ro f i le s  for  o CHjCI/CH/alr  
f la m e  w ith  0 - 0 . 7 7 ,  and CI/H-0.33; (R) m a jo r  s p e c i e s  p ro f i le s
(B) m a jo r  s p e c i e s  p ro f i le s  on a s e m i - lo g  s c a l e  (C) CO. Lines  
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Figure 4 - 3 .  Cose R-1, s p e c i e s  p ro f i le s  for  o CH2CI2/CH4/ a i r  f lam e  
w ith  $ - 0 . 7 7 ,  and CI/H-0.33; (fl) C2H2, C2H4, and C,Ht (B) CH,CI and  
CHCI, (C) 11C2H2CI2and 12C,H2CI2 (D) C2CI4 , C,HCIS , and C2H,CI. 
Lines ore  ca lcu la t io n s ,  po ints  are  eH per lm ento l  d a ta  from S en ser  
(1985) .
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For th is  c a s e  th e  com p u ta tion a l  C O  p e a k  is in g o o d  a g re e m e n t  with 
th e  e x p e r im e n ta l  p e a k  th rough  th e  en tire  f lam e. T h e  m ajor  s p e c ie s  
profiles, F igu re  4 -2  (A), a r e  in a g r e e m e n t  with e x p e r im e n t  n e a r  th e  
burner, a n d  after 0 .2  cm . T he  fuel sp e c ie s ,  C H 4  a n d  C H 2 CI2 , do  not 
m a tch  e x p e r im e n t  ove r  th e  ran g e  0.1 to 0 .2  cm . T h e  s a m e  is tru e  for 
o x y g en  in th is ra n g e .  As s e e n  in F igure  4 -2  (A) th e  inlet b o u n d a ry  
c o n d it io n s ,  E q ua tion  2-5 , a r e  a c c u ra te ly  r e p r e s e n te d  for all of th e  
m a jo r  s p e c ie s .
F ig u re  4 -2  (B) p r e s e n t s  th e  m ajo r s p e c i e s  o n  a  sem i- log  s c a le .  
T h e  fuel, CH 2 C l2 ,is no t co m p le te ly  d e s t ro y e d ,  bu t p e r s i s t s  a t  a  v a lu e  
n e a r  6  ppm , a n d  b re a k s  th rough  th e  oxidation z o n e  to  th e  p o s t  flam e 
reg ion . T h e  sim ulation  d o e s  not p red ic t th is b re a k th ro u g h . In th e  
m od e l C H 2 CI2  is com plete ly  d e s t ro y e d .  H ow ever, th e  m odel d o e s  
p red ic t  co rrec tly  th e  position  a t  w hich  th e  fuel v a lu e s  d ro p  to  be low  
10  ppm .
G r a p h s  of th e  ten  s ta b le  in te rm e d ia te s  a r e  p r e s e n te d  in F igure  
4-3. A cety lene  (C2 H2 ), e th e n e  (C2 H4 ), a n d  e th a n e  (C2 H 6 ) a re  sh o w n  
in F igure  (A). All c o m p a r is o n s  a r e  fair. All th re e  s p e c ie s  a re  
o v e rp re d ic ted ,  a n d  only th e  position  of th e  e th e n e  p e a k  a g r e e s  with 
e x p e r im e n ta l  v a lu e .
T h e  b e h a v io r  of th e  two c h lo r in a te d  m e th a n e s ,  ch lo ro fo rm  
(C H C I3 ) a n d  m ethyl ch loride  (CH3 CI) is sh o w n  in F igure  (B). T h e  
m ethyl ch lo ride  s im ula tion  is a  g o o d  m a tch  to  e x p e r im e n t .  H ow ever, 
ch lo ro fo rm , w hich  b r e a k s  th ro u g h  a t  15 p pm , is not well s im u la ted .
T h e  ch lo r in a ted  e th e n e s  a r e  p r e s e n te d  in F ig u re s  (C) a n d  (D). 
T h e  two c o m p u te d  d ic h lo ro e th e n e  profiles in F igu re  (C) a r e  so  c lo s e  
to g e th e r  th a t  th ey  c a n n o t  b e  d is t in g u ish e d  on  th e  sem i-log  s c a le .
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Both a r e  in g o o d  a g re e m e n t  with experim en t.  In F igure  (D) 
c h lo ro e th e n e ,  o r  vinyl ch lo ride , (C2 H 3 CI) a n d  t r ic h lo ro e th e n e  
(C 2 H C I3 ) a r e  bo th  g o o d  c o m p a r is o n s ,  w hile  t e t r a c h lo ro e th e n e  
(C 2 CI4 ) is o v e rp re d ic ted .
C a s e  A-3
In c a s e  A-3, C I/H -0 .33  a n d  0 = 1 .1 0 ,  th e re  a re  six g o o d  
c o m p a r is o n s  to ex p erim en t,  a n d  no poo r  c o m p a r is o n s .  T h e s e  a re  
sh o w n  in F ig u re s  4 -4  a n d  4-5. T h e  b u rn e r  te m p e r a tu re  for th is  c a s e  
w a s  3 5 0  K, th e  cooling w a te r  te m p e ra tu re .  H o w ever, it is rea lis tic  
in so fa r  a s  th is  e x p e r im e n ta l  f lam e  s to o d  th e  fu r th e s t  d i s t a n c e  from 
th e  burner, a t  1 .75  m m. T h e  CO  p e a k  is u n d e rp red ic ted ,  a s  is th e  CO  
profile in th e  p o s t  f lam e reg ion . This s im u la tion  h a d  th e  p o o re s t  
m a tc h  with th e  e x p e r im e n ta l  C O  profiles of all th e  c a s e s  for which 
e x p e r im e n ta l  d a t a  a r e  av a i lab le .
T h e  m ajor  s p e c ie s  a re  in g o o d  a g r e e m e n t  with e x p e r im e n t  
e x c e p t  C H 2 C I2  For th is  s p e c ie s ,  th e  e x p e r im e n ta l  profile ta ils  into 
th e  p o s t  flam e, a n d  b re a k s  th rough . O xygen  is a lso  in poo r  a g re e m e n t  
be lo w  1 0 0 0  ppm , w h e re  th e  e x p e r im e n ta l  v a lu e  g o e s  to  z e ro  while 
th e  s im u la tion  leve ls  off a t  1 0 0 0  ppm .
T h e  C 2  h y d ro c a rb o n s  a re  u n d e rp re d ic ted ,  bu t a c e ty le n e  a n d  
e th e n e  a r e  in g o o d  a g re e m e n t .  C H 3 CI is a lso  in g o o d  a g re e m e n t ,  
w hile  C H C I3  is o v e rp red ic ted .  H C 2 H 2 CI2  is in g o o d  a g re e m e n t ,  a s  
a r e  C 2 H 3 CI a n d  C2 HCI3 . C2 CI4  is o v e rp re d ic ted ,  w hile  1 2 C 2 H 2 CI2  
u n d e r p r e d ic t e d .
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Figure 4 - 4 .  Cose  fl-3,  s p e c i e s  p ro f i le s  for  o CH3C I /C H /e ir  f lo m e  
uMth <t>-1.10,  and CI/H-0.33; (R) m a jo r  s p e c i e s  p ro f i le s
(B) m a jo r  s p e c i e s  p ro f i le s  on o s e m i - lo g  s t o l e  (C) CO. Lines are  
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Figure 4-5 .  Cose f l-3 ,  s p e c i e s  p ro f i le s  for  o CH3CI3/CH4/ o i r  f lo m e  
Lilith <D«1.10, and CI/H-0.33; (fl) C2H2, C2H„, and C2H4 (B) CHSCI and  
CHCI, C) 1 1C2H2CI2ond 12C2H2CI2 (D) C2CI,, C2HCI, , and C ^C I.  
Lines are ca lcu la t io n s ,  p o in ts  ore e t ip er im en to l  d a ta  from S en ser  
(1985) .
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C a s e  A-4
C a s e  A-4, C l/H -0 .3 4  a n d  <2>=1.01, sh o w e d  s e v e n  of th e  ten  
s p e c i e s  profiles to b e  in g o o d  a g re e m e n t ,  m o re  th a n  a n y  o th e r  
s im ula tion . T h e  b u rn e r  t e m p e ra tu re  w a s  4 50  K. T h e  c a lc u la te d  an d  
e x p e r im e n ta l  C O  b e h av io r  a re  sh o w n  in F igure  4-6 . T h e  m ajor 
s p e c ie s  profiles a r e  show n  in F ig u re s  4 -6  (A) a n d  (3 ). Again C H 2 CI2 
b r e a k s  th ro ugh  into the  p o s t  f lam e, a  b e h av io r  no t  p red ic te d  in th e  
s i m u la t io n .
All of th e  s ta b le  in te rm e d ia te s  a r e  in g o o d  a g r e e m e n t  e x c e p t  
e th a n e ,  a c e ty le n e ,  a n d  tr ic h lo ro e th en e .  T h e  b e h a v io r  of s ta b le  
in te rm e d ia te s  is d e p ic te d  in F igu re  4-7.
C a s e  A-5
For C a s e  A-5, C I/H -0 .0 6  a n d  0 = 0 .8 1 ,  the  co m p u ta t io n a l  C O  p e ak  
c o u ld  no t m a tc h e d  with th e  e x p e r im e n ta l  p e a k  w ithou t u s ing  a  
b u rn e r  t e m p e r a tu re  low er th a n  th e  coo ling  w a te r  te m p e ra tu re .  A 
b u rn e r  t e m p e ra tu re  of 4 5 0  K w a s  a s s u m e d .  T his  b u rn e r  te m p e ra tu re  
p o s i t io n e d  th e  f lam e  0 .2 5  m m  below  th e  e x p e r im e n ta l  f lam e. T he  
coo ling  w a te r  t e m p e ra tu re  for th is  c a s e  w a s  3 4 5  K. U sing  th is  for 
th e  b u rn e r  te m p e r a tu re  lo w e re d  th e  f lam e  c lo s e r  to  th e  b u rn e r .  
H o w ev er ,  s in c e  th is e x p e r im e n t  w a s  p o s i t io n e d  m u ch  c lo s e r  to  th e  
b u rn e r  th a n  th e  o th e r  d ic h lo ro m e th a n e  f lam es ,  a  b u rn e r  t e m p e r a tu re  
th is low did not s e e m  to  b e  w a r ra n te d .  It w a s  th o u g h t  th a t  th e  low 
Cl v a lu e  of th e  fuel c a u s e d  th is f lam e to b e h a v e  like a  m e th a n e  
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Figure 4 -6 .  Cose f l -4 t s p e c i e s  p ro f i le s  for  o CH2CI2/ C H /a i r  f lo m e  
w ith  <t>“ 1.01,  and Cl/H-0.34;  (ft) m a jo r  s p e c i e s  p ro f i le s
(B) m a jo r  s p e c i e s  p ro f i le s  on a s e m i - lo g  s c a le  (C) CO. Lines ore  
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Figure 4-7 .  Cose fl-4, s p e c i e s  p ro f i le s  fo r  a CH,Cl,/CH4/ o i r  f la m e  
uiith <£-1.01, ond Cl/H-0.34; (R) C,H,, C,H4, and C,H( (B) CHSCI and  
CHCI3 CO 1 1C^CIjOnd 12C,H,CI, (D) C,CI4 , C,HCI, , and C,HSCI. 
Lines are  ca lcu la t io n s ,  p o in ts  are eH per im ento l  d a ta  from Sensor  
(1985)
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a l ig n m e n t  with th e  e x p e r im e n ta l  f lam e, ju s t  a s  th e  f r e e  
s to ich io m etr ic  m e th a n e  f lam e  d e s c r ib e d  in S e c t io n  4-1 h a d  to be .
To po s it ion  th e  c o m p u ta t io n a l  f lam e  with th e  e x p e r im e n ta l  f lam e , 
th e  f lam e  w a s  m o v ed  0 .2 5  m m  ou t from th e  b u rn e r .  T h is  w a s  n e e d e d  
for th e  c o m p u ta t io n a l  C O  p e a k  to  a lign  with e x p e r im e n t .
T h e  g r a p h s  of th e  s p e c ie s  profiles a re  g iven  in F ig u re s  4 -8  a n d  
4-9 . T h e re  a r e  six g o o d  c o m p a r is o n s  a n d  o n e  p o o r  c o m p a r iso n ,  w h e re  
th e  c a lc u la te d  p e a k  is a  fac to r  of ten  a b o v e  th e  e x p e r im e n ta l  p e ak .  
T h e  C O  profiles a g re e  well, a s  d o  th e  m ajor s p e c ie s .  T h e  excep tio n  
is C O 2  a t  a  d is ta n c e  of 0 .11  cm  a b o v e  th e  burner. T h e  s ta b le  
in te rm e d ia te s  a r e  in g o o d  a g re e m e n t  e x c e p t  for C 2 H 2 , CHCI3 , C2 H 3 CI 
a n d  C 2 CI4 . C2 CI4  is in p o o r  a g re e m e n t ,  a n d  is o v e r  a  fac to r of ten  
h ig h e r  th a n  e x p e r im e n t .
C a s e  A-6
T h e  c o m p u ta t io n a l  re su l ts  for C a s e  A-6 , C I /H -0 .5 0  a n d  
C>=0 .8 , a r e  g iven  in F ig u re s  4 -10  a n d  4 -11 . T h e re  a r e  no 
e x p e r im e n ta l  d a t a  for th is  c a s e .  T h e  b u rn e r  t e m p e r a tu re  w a s  
a s s u m e d  to b e  4 5 0  K. T he  m a s s  flux w a s  a s s u m e d  to b e  the  s a m e  
m a s s  flux a s  C a s e  A-2.
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Figure 4-8 .  Case H-S, s p e c i e s  p ro f i le s  fo r  a CH2CI2/ C H / o l r f l o m e  
uiith Q -0 .B1,  and CI/H-0.06; (fl) m a jo r  s p e c i e s  p ro f i le s  
(B) m a jo r  s p e c i e s  p ro f i le s  on a s e m i - lo g  s c a le  (C) CO. Lines are  
ca lcu la t io n s ,  p o in ts  ore  e t fper im enta l  d a ta  from S e n s e r  (1985) .
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Figure 4 - 9 .  Case R-5, s p e c i e s  p ro f i le s  for  a CH2CI2/CH4/a lr  f la m e  
uiith 0 - 0 . 8 1 ,  and CI/H-0.06; (H) C2H2, C2H4, and C2H, (B) CHSCI and  
CHCI, (C) 1 1C2H2CI2ond 12C2H2CI2 CD) C2CI4 , C2HCI, , and C ^CI.  
Lines are ca lcu la t io n s ,  po ints  ore eH perlm enta l  d a ta  from S en ser  
(1985) .
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Figure a - 10. Cose R-6, s p e c i e s  p ro f i le s  fo r  o C H ^ I /C H /a ir  f lam e  
w ith  Q -0 .8 0 ,  and CI/H-0.50; (fl) m a jo r  s p e c i e s  prof i les  
(B) m a jo r  s p e c i e s  p ro f i le s  on a s e m i - lo g  s c a le  <C) CO. Lines ore  
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Figure 4 - 1 1 .  Cose R - G p s p e c i e s  p ro f i le s  fo r  o CHjCI/CH/oIr f la m e  
uiith 0 - 0 . 8 0 ,  ond CI/H-0.50; (H) C7H1( C2HV and C,H4 (B) CH,C1 and  
CHCIj (C) 1 1CjHjCl^and IZC.H.CI, (0) CaCI4 , CaHCIs , end  C2HSCI. 
Lines are  ca lcu la t io n s ,  no eH perim ental  data  is a u a i lob le  for  this  
c a s e .
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4 .3 .2  SIM U LA TIO N S O F  THE CC I4 FL A M ES
Five s im u la t io n s  w e re  m a d e  for flat f la m e s  bu rn ing  c a rb o n  
te trach lo r id e ,  CCI4, in m e th a n e  a n d  air. T h e  fuel co n d it io n s  for 
t h e s e  f la m e s  a r e  g iven  in T ab le  4-2. C a s e  B-5 in T a b le  1-3 could  not 
b e  s im u la ted .  It w a s  p re s u m e d  th a t  th is fuel h a d  a  Cl/H ratio 
o u t s id e  th e  flam m ability  limits for a  o n e -d im e n s io n a l  f lam e . T h e  
Cl/H ratio for C a s e  B-5 w a s  0 .6 . T his  is sim ilar to C a s e  A-2, which 
w a s  d i s c u s s e d  in S ec tio n  4 .2 .1 . It w a s  found th a t  a  Cl/H ratio of V 
0 .5 2  w a s  th e  m ax im um  ch lo rine  loading p o s s ib le  for a  o n e ­
d im e n s io n a l  f lam e  with th e  s to ich io m e try  of C a s e  B-5,
4>=0.91. C a s e  B-6 , C I/H -0 .52  a n d  4>=0.95 w a s  m o d e le d  in s tea d  of 
C a s e  B-5.
T h e  fo rm at of th e  g rap h ica l  d a ta  is th e  s a m e  a s  th a t  of th e  
d ic h lo ro m e th a n e  f la m e s  in S e c tio n  4 .2 .1 .  L ines r e p r e s e n t  s im u la tion  
re s u l ts  a n d  p o in ts  a r e  e x p e r im e n ta l  d a ta  from  M orse  (1988).
4 .3 .3  E F F E C T S  O F  CATALYZED R E A C T IO N S AT TH E B U R N ER
T h e  first a t t e m p t  to m o d e l a  c a rb o n  te t ra c h lo r id e  f lam e  w a s  
for a  fuel-rich c a s e ,  C>=1.17, with a  ch lo r ine  to h y d ro g e n  ratio of 0.3. 
T h e  re su l ts  a r e  sh o w n  in F igure  4 -12 , a n d  a g r e e m e n t  is n o t  g o od . 
Specifically , th e  o x y g e n  d e c a y  in F igure  4 -1 2  is too  rap id  in th e  
s im ula tion . T h e re  is a  su b s ta n t ia l  d i s c re p a n c y  in th e  c a rb o n  
te t ra c h lo r id e  p ro file s  th ro u g h o u t  th e  f lam e, a n d  th e  C O 2  
d e v e lo p m e n t  o c c u rs  too slowly. S o m e  of th is b e h a v io r  co u ld  b e  d u e  
to  p ro b e  e ffe c ts ,  w hich  w a s  d i s c u s s e d  by R othsch ild , e t  al (1986).
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T a b le  4 -2 . T h e  fuel c o n d it io n s  of th e  five c a rb o n  te t ra c h lo r id e -  
m e th a n e -a i r  f la m e s  th a t  w e r e  s im u la te d .
C a s e Fuel Cl/H O B urner T e m p era tu re ,
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Figure 4-12. Calculated and experimental species profiles for a 
CCyCH4/air flame at a Cl/H ratio of 0.34.
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P ro b e  e ffec ts  o c c u r  w h e n  s a m p le s  a r e  ta k e n  c lo s e  to  th e  b u rn er .  T he  
h y d ro d y n am ic  in te rac tion  b e tw e e n  th e  p ro b e  a n d  th e  b u rn e r  c a u s e  
th e  s a m p le  to b e  ta k e n  s e v e ra l  p ro b e  d ia m e te r s  u p s t re a m  of th e  
a c tu a l  p ro b e  location. T his  c a u s e s  th e  fuel s a m p le s  to  b e  low, a n d  
p ro d u c t  s a m p le s  to  b e  high. This w ould  b e  e x p e c te d  for f la m e s  
s ta b il iz e d  within 1 m m  of th e  b u rn e r ,  a s  a r e  t h e s e  f lam es .
To o b ta in  g o o d  a g re e m e n t  with e x p e r im e n t  for bo th  th e  CCI4  
f la m e s  th e  rea c t io n  (C-1), which is reac tio n  (261), h a d  to  b e  
m odified . B e tte r  a g r e e m e n t  w a s  o b ta in e d  by red u c in g  th e  activa tion  
e n e rg y  for (261) from 8 3 ,4 0 0  cal/m ol to 7 0 ,0 0 0  cal/m ol. A 
sensitiv ity  a n a ly s is  w a s  u s e d  to  h e lp  d e te rm in e  w h ich  rea c t io n  to 
modify. H ow ever, th is  a p p ro a c h  w a s  d is c a rd e d  s in c e  a d ju s tm e n t  of 
th e  th e  m o d e l 's  p a r a m e te r s  to o b ta in  a g r e e m e n t  with e x p e r im e n t  is 
n o t  in te l le c tu a l ly  s a t is fy in g .
F u r th e r  s tu d y  of th e  e x p e r im e n ta l  d a t a  from th e  c a rb o n  
te t ra c h lo r id e  e x p e r im e n ts  in d ica ted  th a t  th e r e  m ay  h a v e  b e e n  
a n o th e r  p h y s ica l  e ffe c t  occu rr in g  in th e  f la m e s  th a t  w a s  not 
a c c o u n te d  for by th e  m odel. E ven th o u g h  s o m e  p ro b e  e ffec ts  a re  
e x p e c te d  n e a r  th e  b u rn e r ,  p ro b e  e ffec ts  c a n n o t  a c c o u n t  for th e  
d i s c re p a n c y  in th e  o x y g e n  profile. In s te a d ,  b u rn e r -c a ta ly z e d  
re a c t io n s  m ay  b e  p re s e n t .  This e ffec t  is m o re  c o n s i s te n t  with th e  
e x p e r im e n ta l  re su l ts ,  a s  c a n  b e  s e e n  in F igu re  4 -1 3 ,  w h e re  typical 
s p e c i e s  p rofiles from bo th  a  C H 2 C l2 /C H 4 /a ir  f lam e  a n d  a  
C C l4 /C H 4 /air f lam e a r e  sh ow n . T he  CCI4  f lam e  p rofiles  a r e  
d is tinc tly  d if fe ren t  n e a r  th e  b u rn e r .  T h e  m ax im u m  m o la r  f rac tio n s  
of s e v e ra l  in te rm e d ia te  s p e c i e s  o c c u r  a t  th e  s a m p le  po in t n e a r e s t  
th e  b u rn e r ,  a n d  o b se rv a t io n  no t c o n s i s t e n t  with p ro b e  e ffe c ts ,  but
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in s te a d  with b u rn e r  ca ta ly s is .  T h e  s p e c ie s  sh o w n  in F igu re  4 -1 3  a re  
t h o s e  s p e c i e s  m o s t  a ffe c te d  by th e  bu rner.
T h e  ca ta ly t ic  e ffec t  w ould  in c r e a s e  th e  ra te  of CCI4  d e p le t io n  
th ro u g h  th e  re a c t io n
CCI4  < - - - - >  CCI3  + CI . (C -1)
T his  w ould  re su l t  in th e  h o m o g e n e o u s  reac tion  s e q u e n c e
CH 4  + Cl <— - >  CH 3  + HCI , (C-2)
CH3CI < - — - >  CH3 + Cl , (C-3)
a n d  th e  fo rm ation  of C H 3 CI. Also, th e  availability of Cl w ould  a c t  
a s  a  h y d ro g en  s c a v e n g e r  a n d  prohibit oxidation th ro ugh  th e  ch a in  
b ra n c h in g  rea c t io n  H + O 2 -O H + O . Prohibiting th e  oxidation  p a th s  for 
C H 3 d e p le t io n  w ould  p ro m o te  th e  rec o m b in a t io n  re a c t io n s
CH 3  + C H 3  < - — > C 2 H6  , (C-4)
CH 3  + CCI3  < — — > 11C 2 H 2 CI2  + HCI , a n d  (C-5) 
CCI3  + CCI3  > C 2 CI4  + HCI (C-6 )
T his  p e r tu rb a tio n  of t h e s e  re a c t io n s  will p ro m o te  sh if ts  in th e  
s p e c i e s  p ro files  in a g r e e m e n t  with th e  p r e s u m e d  ca ta ly t ic  e f fe c ts  
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Figure 4-13. Comparisons of typical CC14 flame measurements 
showing presumed burner catalysis effects, and typeical CH2C12 
flame measurements which do not show these effects. OPEN SYMBOLS: 
typical CH2C12 experimental profiles from Senser (1985). CLOSED 
SYMBOLS: typcial CCL4 experimental profiles from Morse (1988).
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B a s e d  on  t h e s e  re su l ts ,  ca ta ly tic  b u rn e r  e f fe c ts  w e re  a d d e d  to 
th e  c o m p u te r  m odel. T h e  im pac t  th is h a d  o n  s o m e  s e le c te d  s p e c ie s  
is sh o w n  in F igure  4 -1 4 . T h e  s im u la te d  profiles, with c a ta ly s is ,  do 
h a v e  th e  s a m e  b eh av io r  n e a r  th e  b u rn e r  a s  ex p e r im e n t .  An im portan t 
poin t to  n o te  is tha t  th e  position  of th e  C O  p e a k  w a s  not a ffec ted  by 
a d d in g  a  ca ta ly tic  b u rn e r  to th e  m odel. T h e  C O  p e a k s  for both c a s e s  
sh o w n  in F igure  4 -1 4  a re  a t  th e  s a m e  location. O th e r  co m p u ta t io n a l  
e x p e r im e n ts  sh o w e d  th a t  th e  h o m o g e n e o u s  reac t io n  s e q u e n c e  (C-2) 
th roug h  (C-6 ) will p ro d u c e  t h e s e  p e a k s  n e a r  th e  b u rn e r  only w h e n  the  
b u rn e r  t e m p e ra tu re  is n e a r  6 0 0  K. W h en  th e  b u rn e r  te m p e ra tu re  is 
be low  th is  va lu e , th e  h o m o g e n e o u s  r e a c t io n s  will no t p r o c e e d  fa s t  
e n o u g h  to c a u s e  th e  p e a k  m olar  frac tio ns  to o c c u r  n e a r  th e  burner. 
R a th e r ,  w h e n  th e  b u rn e r  te m p e ra tu re  is be low  6 0 0  K th e  p e a k  v a lu e s  
will o c c u r  fu r the r  o u t  in th e  f lam e. T h is  s u p p o r ts  th e  a rg u m e n t  th a t  
th e  b u rn e r  t e m p e ra tu re  m ust b e  n e a r  6 00  K, w hich  is req u ire d  to 
m a tch  th e  co m p u ta t io n a l  CO  p e a k  with th e  e x p e r im e n ta l  C O  peak .
T h e  ca ta ly tic  e ffec t  w a s  a d d e d  by a s s u m in g  th a t  reac tio n  (C- 
1 ) a c c o u n te d  for th e  CCI4  dep le tio n . This reac tion  is th o u g h t  to 
p r o c e e d  to th e  e x te n t  th a t  th e  CCI4 s p e c i e s  m o la r  frac tion  leaving 
th e  b u rn e r ,  CCl4 ,fuel in E quation  2-5 , w a s  th e  e x p e r im e n ta l  v a lu e  
e x tra p o la te d  b a c k  to th e  b u rn er .  T h e  d if fe ren c e  b e tw e e n  C C l4 ,fue l,  
t h e  m ole  fraction  e n te r in g  th e  reac tion  z o n e ,  a n d  th e  t ru e  v a lu e  for 
C C I4  w a s  th e  a m o u n t  of CCI4  r e a c te d  via  reac tion  (C -1 ). T h e  CCI4  
r e a c te d  w a s  th e n  pu t into th e  m odel a s  e q u iv a le n t  m o la r  f rac t io n s  of 
C C I3  a n d  Cl, specifically  CCl3 ,fuel a n d  Cl fuel. T h e  a m o u n t  of both  
s p e c ie s  w a s  s e t  e q u a l  to  th e  a m o u n t  of CCI4  d e p le t io n  by b u rn e r  
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Figure 4-14. Calculated species profiles with and without burner 
catalysis included. SOLID LINES: Calculated values without burner
catalysis. DASHED LINES: Calculated values with burner catalysis.
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a n d  Cl, in addition  to CCI4 , CH 4  a n d  air. This cata ly tic  b u rn e r  effect 
w a s  inc luded  in th e  m odel for C a s e s  B -1 th ro u g h  B-6 . T h e  re su l ts  
from  t h e s e  five s im u la t io n s  a r e  sh o w n  in F ig u re s  4 -1 5  th ro u g h  4 -24 .
C a s e  B-1
C a s e  B-1 h a d  a  Cl/H ratio of 0 .34  a n d  0 = 1 .0 2 .  T h e  re su l ts  a re  
p r e s e n te d  in F igu res  4 -1 5  a n d  4-16 . A b u rn e r  te m p e ra tu re  of 7 0 0  K 
w a s  n e e d e d  to m atch  th e  com pu ta tion a l  C O  p e a k  to  ex p erim en t.  T h e  
c o m p u ta t io n a l  p e a k  is be low  e x p e r im e n t ,  a s  s e e n  in F igu re  4 -1 5  (C). 
T h e  b o u n d a ry  c o n d it io n s  for th e  m ajo r  s p e c i e s  profiles a r e  well 
r e p r e s e n te d  for th is highly s tab il ized  flam e. T h e  d e g r e e  of 
s tab il iza tion  c a n  b e  s e e  in F igu re  4 -1 5 ,  w h e re  th e  e x p e r im e n ta l  fuel 
v a lu e s  a r e  sh o w n  a s  th e  e x p e r im e n ta l  inlet b o u n d a ry  condition . 
E x trapo la tion  of th e  e x p e r im e n ta l  d a ta  b a c k  to th e  b u rn e r  w ould put 
th e  a c tu a l  e x p e r im e n ta l  b o u n d a ry  c o n d it io n s  c lo s e r  to  th e  c a lc u la te d  
b o u n d a ry  co n d it io ns  th an  th e  fuel v a lu e s .  A dev ia tio n  of th is ty p e  is 
ind ica tive  of highly s tab ilized  f lam es ,  a n d  is c a u s e d  by a  la rge  
d iffusion flux a t  th e  bu rner ,  d u e  in p a rt  to th e  high te m p e r a tu re s  
t h e r e .
T h e  m ajo r  s p e c i e s  p rofiles  a g r e e  with e x p e r im e n t  e x c e p t  for 
C O 2 - T h e  C O 2  profile is u n d e rp re d ic te d  in th e  p o s t- f la m e  region.
T h is  in d ic a te s  th a t  overa ll  s to ich io m etry  is no t  c o n s e r v e d  by th e  
s im u la tion , d u e  to  th e  fa ilu re  of th e  c o m p u ta t io n a l  b o u n d a ry  
c o n d it io n , E q u a t io n  2 -5 , to m ain ta in  s to ich io m e try  a t  th e  b u rn e r .
T h e  diffusion te rm  in th e  b o u n d a ry  cond ition  d o e s  not c o n s e r v e  the  
e le m e n ta l  m a k e -u p  of th e  fuel. A s a  resu lt, t h e  inlet b o u n d a ry
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cond ition  d o e s  not c o n s e rv e  the  c a rb o n  a to m s  in th e  fuel a n d  the  C O 2  
profile is low. T h e  m odel d o e s  c o n s e rv e  c a rb o n  a to m s  th ro u g h o u t  
th e  f lam e, how ever .  T his  p rob lem  o c c u rre d  in all of th e  c a rb o n  
te t ra c h lo r id e  s im u la t io n s , a n d  is a ttr ib u te d  to  th e  h igh d e g r e e  of 
s tab il iza tion  , w hich  in turn  c a u s e s  d i s c r e p a n c ie s  in th e  c a rb o n  a tom  
c o u n t  in th e  sim ula tion  b o u n d a ry  cond itions . T h e  lo s s  of c a rb o n  is 
d u e  to th e  inability of th e  d iffusion te rm  in E qua tio n  2 -5  to  c o n s e rv e  
e le m e n ts .  T h e  p ro b le m s  o f e le m e n ta l  c o n s e rv a t io n  in th e  diffusion 
te rm  is d u e  to th e  failure  of th e  diffusion te rm  to  c o n s e r v e  
e l e m e n t s .
Figure 4-15 (B) show s breakthrough of carbon tetrachloride, 
which is not predicted. In Figure 4-16 there are  four good 
simulations and no poor simulations, a s  defined in Section 4.1.1. The 
good simulations include C2 H4 , C2 H6 , CH3 CI, and H C 2 H2 CI2 . C2 H2 
is overpredicted, but the peak and the point of species  decay are 
correctly positioned. CHCI3  shows breakthrough, which is also not 
predicted. 1 2 C 2 H2 CI2  and C2 CI4  are overpredicted. C2 HCI3  matches 
the experimental profile, but the position of the peak  is not 
correctly posit ioned.
C a s e  B-2
This c a s e ,  C I/H -0.31 a n d  <X>=1.17, h a s  tw o p o o r  c o m p a r is o n s  a n d  
four g o o d  o n e s .  T h e  re su l ts  a r e  p r e s e n te d  in F ig u re s  4 -1 7  a n d  4-18.
T h e  b u rn e r  te m p e ra tu re  w a s  6 00  K. T h e  C O  p e ak , th e  la rg e s t  of all 
th e  c a s e s ,  a g r e e s  with ex p erim en t,  a s  d o e s  th e  C O  profile. C O  is
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Fig ure 4 -15 .  Case B - 1 , s p e c i e s  p ro f i le s  for  a CCI4/CH4/a ir  f la m e  
w ith  C>“ 1.02,  and Cl/H-0.34; (R) m a jo r  s p e c i e s  p ro f i le s  (B) m a ­
jo r  s p e c i e s  prof i les  on a s e m i - l o g  s c o le  <C) CO. Lines ere  ca lcu ­
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Figure 4 -1 6 .  Cose B -1 , s p e c i e s  p ro f i le s  for  a CCI4/CH4/o ir  f la m e  
w ith  <X>-1.02, ond CI/H-0.34; (R) C2H2, C2H4, and C2Ht (B) CH,CI and  
CHCI, (C) 1 1C2H2CI2and I2C2H,CI2 CD) C2CI4 , C2HCI3 , and C2HSCI. 
Lines ore  ca lcu la t io n s ,  po ints  ore en p er ln ien to l  d a ta  from Morse  
(1988) .
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Figure / . - I7 .  Case  B-2,  s p e c i e s  p ro f i le s  fo r  a C C I /C H /o ir f la m e  
w ith  0 - 1 . 1 7 ,  and CI/H-0.31; (fl) m a jo r  s p e c i e s  p ro f i le s
(B) m a jo r  s p e c i e s  p ro f i le s  on a s e m i - lo g  s c a le  (C) CO. Lines are  
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Figure 4 - 1 8 .  Cose 8 - 2 ,  s p e c i e s  p r o f i le s  for  o C C I/C H /o ir  f lum e  
uiith 0 - 1 . 1 7 ,  ond CI/H-0.31; (R) C,HZ, C,H,f and C,H, <B) CH,CI and  
CHCIj (C) 11C3H2CI2and 12C2H,CIX (D) C,CI,, C^CI, , and C#HSCI.
Lines are  ca lcu la t io n s ,  p o in ts  are eH perim enta l  d a ta  from M orse  
(1988) .
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p r e s e n t  in su b s tan t ia l ly  g re a te r  q u a n ti t ie s  th a n  in C a s e  B-1 a s  a  
re s u l t  of th e  fuel-rich co nd itions . T h e  m ajo r  s p e c i e s  p rofiles  sh o w  
th a t  o x y g en  is u n d e rp re d ic ted  th ro u g h o u t  th e  flam e. C O 2  is ag a in  
u n d e r p r e d i c t e d .
H C 2 H 2 CI2  a n d  C 2 H3 CI a r e  th e  s p e c ie s  w h o s e  p red ic ted  
profiles a r e  in poor a g r e e m e n t  with e x p e r im e n t .  B oth  profiles a r e  
m o re  th a n  a  factor of ten  below  ex perim en t.  C 2 H 4 , C H 3 CI, CHCI3 , 
a n d  1 2 C 2 H 2 CI2  a re  in goo d  a g re e m e n t.  C 2 H 2  is a g a in  u n d e rp re d ic ted .
C a s e  B-3
T h e  re su l ts  for C a s e  B-3, C I /H -0 .3 2  a n d  <P=0.75, a re  sh o w n  in 
F ig u re s  4 -1 9  a n d  4 -20 . T h e  b u rn e r  t e m p e ra tu re  for th is  c a s e  w a s  
60 0  K. T h e re  a r e  four g o o d  profile s im ula tions a n d  no  p o o r  o n e s .  T he 
C O  p e a k  is u n d e rp re d ic ted ,  bu t  th e  C O  profile is qualita tive ly  
co rrec t .  T h e  m ajor s p e c i e s  a g r e e  well with e x p e r im e n t  dow n  to 1 
ppm . T h e  e x cep tio n  is th e  C O 2  profile in th e  p os t-f lam e.
C 2 H 2  is ag a in  u n d e rp re d ic ted ,  but th e  p e a k  is co rrec tly  
positioned . C 2 H4  a n d  C2 H6  a re  in g o o d  a g re e m e n t.  CHCI3 
b re a k th ro u g h  is not p red ic te d ,  nor is th e  tailing of C H 3 CI into th e  
p o s t- f la m e  reg ion . H C 2 H 2 CI2  is u n d e rp re d ic te d  w hile  1 2 C 2 H 2 CI2  is 
o v e rp re d ic te d .  Both s p e c ie s  h a v e  correc tly  p o s i t io n e d  p e a k s  a n d  
dep le tion  z o n e s .  C 2 H3 CI a n d  C 2 HCI3  a re  in g o o d  a g re e m e n t ,  while 
C 2 CI4  is o v e rp re d ic ted .
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Figure 4 - 1 9 .  Cose B-3.  s p e c i e s  p ro f i le s  f o r a  CCI4/ C H / a i r f l a m e  
w ith  a>-0.75, and CI/H-0.32; (fi) m a jo r  s p e c i e s  p ro f i le s
(B) m a jo r  s p e c i e s  p ro f i le s  on a s e m i - lo g  s c a le  (C) CO. Lines are  
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Figure u - 20.  Cose B-3,  s p e c i e s  p ro f i le s  fo r  o C C I/C H /o ir  f lo m e  
w ith  0 - 0 . 7 5 ,  and CI/H-0.32; <fl) C t H 2, C,H4> and C,H, (B) CH,CI and  
CHCI3 CC) 1 1 C ^ ^ ^ a n d  12C2HiCI, (D) C2CI4 , l^HCI,, and CtH,CI. 
Lines are  ca lcu la t io n s ,  p o in ts  are eH perim ento l  d a ta  from M orse  
(1988) .
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C a s e  B-4
T h e  e x p e r im e n t  in th is  c a s e ,  C a s e  B-4, C I /H -0 .0 7  a n d  
<t>=0.95, w a s  th e  only e x p e r im e n t  s im u la te d  th a t  h a d  s e v e r e  
e x p e r im e n ta l  p ro b le m s . T h e  e x p e r im e n ta l  s a m p le s  w e re  
c o n ta m in a te d  by room  air b e fo re  be ing  a n a ly z e d  (M orse , 1988). T he  
e x p e r im e n ta l  d a t a  w e re  la te r  c o r r e c te d  for th e  o x y g e n  
c o n ta m in a t io n .  T h e  s im u la t io n s  for th is  c a s e  (F ig u re s  4-21 a n d  4- 
2 2 ) h a v e  tw o p o o r  c o m p a r is o n s ,  in w hich th e  d e v ia t io n s  from 
e x p e r im e n t  a re  tw o o rd e r s  of m ag n itu d e . T h e s e  a r e  th e  la rg e s t  
d i s c r e p a n c ie s  b e tw e e n  ca lcu la tio n  a n d  e x p e r im e n t  of all th e  s p e c i e s  
p rofiles  in th e  e ig h t  c a s e s  for w hich  e x p e r im e n ta l  d a t a  a r e  
availab le . E ven 0 2  a n d  C O 2  a r e  in b a d  a g re e m e n t .  To w h a t  d e g r e e  th e  
e x p e r im e n ta l  p ro b le m s  a ffe c te d  th e  c o m p a r is o n s  c a n n o t  b e  
d e t e r m i n e d .
T h e  b u rn e r  t e m p e ra tu re  w a s  s e t  a t  6 0 0  K to  position  th e  
ca lc u la te d  CO  p e a k  correctly  a b o v e  th e  burner . T h e  C O  p e a k s ,  F ig u re s  
4-21 (C), a r e  no t in a lignm en t,  in so fa r  a s  th e  c a lc u la te d  p e a k  o c c u rs  
0 .2  mm b e fo re  th e  ex p er im e n ta l  p e ak .  T his  w ould  a c c o u n t  for s o m e  
of th e  d i s c r e p a n c ie s  in th e  m ajo r  s p e c i e s  profiles, s in c e  shifting th e  
profiles up  by 0 . 2  m m  w ould  bring  th e m  into b e t te r  a l ig n m e n ts  with 
e x p e r im e n t .  H ow ever, th e  d a ta  s c a t t e r  of th is e x p e r im e n t  m a d e  it 
difficult to  c o rre c t ly  p o s i t io n  t h e  s im u la te d  f lam e .
T h e  s ta b le  in te rm e d ia te s  a r e  sh o w n  in F igure  4 -22 . T h e  p e a k  
v a lu e  for C 2 H C I3  is two o rd e r s  of m a g n i tu d e  le s s  th a n  ex p er im en t .
T h e  C 2 CI4  p e a k  is o v e rp re d ic ted  by a  fac to r of a lm o s t  40 . C 2 H4 ,
C 2 H 6 , C H 3 CI a n d  H C 2 H 2 CI2  a r e  in g o o d  a g re e m e n t  with ex perim en t.
No e x p e r im e n ta l  m e a s u r e m e n t s  for I 2 C 2 H2 CI2  w e re  repo rted .
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Figure u - 2 1 .  Cose B-4, s p e c i e s  p ro f i le s  for  o C C I/C H /o ir  f la m e  
uiith d>-0.95, and CI/H-0.07; (R) m a jo r  s p e c i e s  p ro f i le s  (B) m a ­
jo r  s p e c i e s  prof i les  on a s e m i - l o g  s c a le  (C) CO. Lines ore  
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Figure 4 - 2 2 .  Cose B-4, s p e c i e s  prof i les  for  a C C I/C H /o ir  f la m e  
w ith  <fc-0.95, ond CI/H-0.07; (H) C2H2, C2H4, and C2H4 (B) CHSCI and  
CHCI, (C) 1 1C2H2CI2and 12C2H2CI2 (0) C2CI4 f C2HCIs , and C2HsCI. 
Lines ore  ca lcu la t io n s ,  p o in ts  ore e t iper im enta l  d a ta  from M orse  
(1 9 8 8 ) .
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C a s e  B-6
T h e  c o m p u ta t io n a l  re su l ts  for C a s e  B-6 , C I /H -0 .5 2  a n d  
<J>=0.95, a r e  g iven  in F ig u re s  4 -2 3  a n d  4 -24 . T h e re  a r e  no 
e x p e r im e n ta l  d a ta  for th is c a s e .  T h e  b u rn e r  t e m p e r a tu re  w a s  
a s s u m e d  to b e  6 0 0  K. T h e  m a s s  flux w a s  a s s u m e d  to  b e  th e  s a m e  
m a s s  flux a s  for C a s e  B-5.
4 .3 .4  A N A LY SIS BY S P E C IE S
T h e  s ta b le  in te rm e d ia te s  w e re  g ro u p e d  to g e th e r  by s p e c ie s ,  to 
d e te rm in e  w hich  s p e c ie s  th e  m e c h a n ism  w a s  a b le  to m odel, a n d  
w hich  s p e c ie s  th e  m e c h a n ism  w a s  no t c a p a b le  of m odeling . T h e s e  
re su l ts  a r e  p r e s e n te d  in F ig u re s  4 -2 5  th ro u g h  4 -44 . F our g r a p h s  on 
two f ig u re s  a r e  u s e d  for th e  ev a lu a t io n  of e a c h  of th e  ten  s ta b le  
in te rm e d ia te s .  T h e  first figure s h o w s  th e  b e h a v io r  of o n e  s p e c ie s  in 
e a c h  of th e  five d ic h lo ro m e th a n e  f lam es . G ra p h  (A) p r e s e n t s  th e  
s p e c i e s  a s  a  function of s to ich iom etry  a t  a  c o n s ta n t  Cl/H ratio, a n d  
G ra p h  (B) d e p ic ts  th e  profiles a s  a  function of Cl/H ratio , with 
c o n s ta n t  4>. T h e  s e c o n d  figure for e a c h  s p e c i e s  p lo ts  th e  s p e c ie s  
p ro files  for th a t  s p e c i e s  in th e  five c a r b o n  te t r a c h lo r id e  f lam es .  
Again , G ra p h  (A) c o n ta in s  th e  s p e c i e s  profiles a s  a  function  of 
s to ich iom etry , a n d  G ra p h  (B) p r e s e n t s  th e  p rofiles  a s  a  function  of 
Cl/H ratio .
C 2 H 2  is th e  first s p e c ie s  to b e  e v a lu a te d .  T h e  four g r a p h s  of 
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Figure 4 - 2 3 .  Case B-6,  s p e c i e s  p ro f i le s  fo r  a C C I/C H /a ir  f la m e  
w ith  0 - 0 . 9 1 ,  and CI/H-0.52; (A) m a jo r  s p e c i e s  p ro f i le s  
(B) m a jo r  s p e c i e s  prof i les  on a s e m i - lo g  s c a le  (C) CO. Lines ere  
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Figure 4 -2 4 .  Cose B-6, s p e c i e s  p ro f i le s  fo r  o C C I/C H /o ir  f la m e  
With 0 - 0 . 9 1 ,  ond CI/H-0.52; (fi) c aHJ( C2H,, and C,H, (B) CH,CI and  
CHCIj (C) 1 1C,H;CI,and 12C,H,CI2 (D) C3CI4 , CfHCI3 , ond C,HSCI. 
Lines are ca lcu lo t io n s ,  no eH perim entol  da ta  is au a i lob le  for  this  
c a s e .
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s h o w s  th e  C 2 H 2  p rofiles in th e  th re e  d ic h lo ro m e th a n e  f la m e s  with a  
Cl/H ratio of 0 .3 3 , G rap h  (B), p r e s e n ts  th e  profiles of C 2 H 2  a t  th re e  
d ifferen t Cl/H ra tio s  a n d  0 = 0 .8 .  F igure  4 -2 6  s h o w s  th e  C 2 H 2  
pro fi le s  for th e  c a r b o n  te t ra c h lo r id e  f lam es .
Of th e  e ig h t s p e c i e s  profiles for w hich  d a ta  a r e  av a ilab le ,  only 
o n e  is a  g o o d  co m p ar iso n . T h ere  a re  no p o o r  c o m p a r is o n s  for C 2 H2 , 
b u t  a c e ty le n e  s h o w s  th e  p o o re s t  c o rre la t io n  with e x p e r im e n t  of all 
th e  s t a b le  in te rm e d ia te s .  T his  is a t t r ib u te d  to  th e  fo rw ard  ra te  
c o n s ta n t  of the  R eac tion  (154), C 2 H 2  + Cl < - - - >  C 2 H + HCI, which 
a p p e a r s  to  b e  too  la rge . S in c e  the  ra te  c o n s ta n t  for R eac tion  (154) 
w a s  d e te rm in e d  e x p er im en ta l ly ,  Chiltz, e t  al (1963), it w a s  u s e d  
in s te a d  of an  e s t im a te d  ra te .
T h e  s p e c i e s  ev a lu a t io n  for C 2 H4 , F ig u re s  4 -2 7  a n d  4 -28 , 
s h o w s  th a t  s e v e n  of th e  e igh t c o m p a r is o n s  a r e  g ood . T h e re  w e re  no 
po o r  c o m p a r is o n s .  T his s p e c i e s  sh o w e d  th e  b e s t  co rre la t ion  to th e  
e x p e r im e n ta l  p ro files  of all th e  s ta b le  in te rm e d ia te s .
For C 2 H 6 > F ig u re s  4 -2 9  a n d  4-30 , th e re  a r e  four g o o d  
c o m p a r is o n s  a n d  no  p o o r  o n e s .  T h e  d a ta  for th e  d ich lo ro m e th an e  
f l a m e s  in d ic a te  th a t  th e  a n a ly tica l  d e te c t io n  limit for e t h a n e  w a s  
p robab ly  g re a te r  than  10 ppm . T h e  only m e a s u re d  e th a n e  
c o n c e n tra t io n s  o c c u r  a b o v e  100 ppm . For t h e s e  m e a s u r e d  points , 
co rre la t ion  b e tw e e n  s im ula tion  a n d  e x p e r im e n t  is g o o d . F o r  th e  
c a r b o n  te t ra c h lo r id e  f la m e s ,  w hich  w e re  la te r  e x p e r im e n ts ,  th e  
d e te c t io n  limit h a d  b e e n  in c re a s e d  d ow n  to  1 ppm  by M orse  (1988). 
C o m p a r is o n s  to  e x p e r im e n t  a r e  g o o d  for all fou r of t h e s e  f la m e s  for 
w hich  th e r e  a r e  d a ta .
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C H C I3  profiles a r e  sh o w n  in F igures  4-31 a n d  4 -32 . T h e re  a re  
four g o o d  c o m p a r iso n s  a n d  no p o o r  o n e s .  T h e  d ich lo ro m e th an e  
f la m e s  a r e  in b e t te r  a g re e m e n t ,  th re e  g o o d  profiles, th a n  th e  c a rb o n  
te t ra c h lo r id e  f lam es ,  w hich  h a v e  only o n e  g o o d  profile. Specifically , 
t h e  d ic h lo ro m e th a n e  f la m e s  o v e rp re d ic t  CHCI3  form ation. A 
c o m p a r is o n  of th e  fo rm ation  r a te s  of CHCI3  in C a s e  B -1 to th o s e  in 
C a s e  A-4 w a s  m a d e  to  d e te rm in e  which re a c t io n s  m ay  b e  
con tr ib u tin g  to th e  e x c e s s iv e  CHCI3  fo rm ation  in th e  
d ic h lo ro m e th a n e  f lam es .  T his  c o m p a r is o n  sh o w s  th a t  R e a c to n  (258), 
C IH O +C H C I2 -O H + C H C I3 , form s 69 .6%  of the  CHCI3  in C a s e  A-4, while 
th e  s a m e  reac tion  a c c o u n ts  for only 3 .6 %  of th e  CHCI3  form ation  in 
C a s e  B-1 . T h is  is a  s tro n g  indication th a t  th e  e s t im a te d  ra te  
c o n s ta n t  for R eac tio n  (258) is a  p o o r  e s t im a te .  R eac tio n  (258) 
w ou ld  b e  e x p e c te d  to b e  m ore  im portan t in a  d ic h lo ro m e th a n e  f lam e 
d u e  to th e  in c re a s e  in CHCI2  c o n c e n tra t io n .  H o w ever, th is  reac tion  
g re a t ly  o v e rp re d ic t s  C H C I3  form ation , d u e  to too  high a  forw ard ra te  
c o n s t a n t  th a t  is to o  la rge .
T h e s e  g r a p h s  a ls o  d e m o n s t r a te  a  m ajo r failing of th e  m odel, 
its inability to  p red ic t  b re a k th ro u g h  of th e  c h lo r in a te d  m e th a n e s ,  a s  
s e e n  in th e  e x p e r im e n ts .  E ven th o u g h  th e  b rea k th ro u g h  o c c u rs  a t  
very  low v a lu e s ,  b e lo w  1 0  ppm , it is o n e  of th e  m o s t  s ign ifican t 
f e a tu r e s  of th e  e x p e r im e n ts  from  a  h a z a rd o u s  w a s t e  d e s tru c t io n  
v iew poin t. T h e  r e a s o n  for th e  sim ula tion  fa i lu res  is n o t  know n; 
h o w e v e r , tw o  p o ss ib i l i t ie s  a r e  th a t  th e  s p e c i e s  a r e  e i th e r  s ta b le  
e n o u g h  to p a s s  th ro u g h  th e  f lam e, or th a t  t h e s e  s p e c i e s  a r e  c r e a te d  
from ra d ic a ls  th a t  o c c u r  la te  in th e  flam e. T h e s e  ra d ic a ls  cou ld
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c o m e  from the  b rea k d o w n  of la rger  h y d ro c a rb o n s ,  or co u ld  b e  c r e a te d  
in th e  ox idation  z o n e  a n d  p a s s  th rou gh  to th e  p o s t  f lam e.
T h e re  a re  four g o o d  profile m a tc h e s  for C H 3 CI, two for 
d ic h lo ro m e th a n e  f la m e s ,  a n d  two for th e  c a r b o n  te t ra c h lo r id e  
f lam es . T h e s e  a r e  sh ow n  in F igu res  4 -33  a n d  4 -34 . For 1 2 C 2 H 2 C I2 , 
F ig u re s  4 -3 5  a n d  4 -36 , th e re  a r e  four profiles in g o o d  a g re e m e n t ,  
th r e e  for d ic h lo ro m e th a n e  f la m e s  a n d  two for c a rb o n  te t ra c h lo r id e  
f la m e s .  All of th e  c a rb o n  te trac h lo r id e  f la m e s  o v e rp re d ic t  
1 2 C 2 H 2 CI2  form ation . As with CHCI3  , a  c o m p a r iso n  of th e  
fo rm ation  r a te s  of 1 2 C 2 H 2 CI2  in C a s e  B -1 to  t h o s e  in C a s e  A-4 w a s  
m a d e  to d e te rm in e  w hich  re a c t io n s  m ay  b e  con tr ibu ting  to  th e  
e x c e s s i v e  1 2 C 2 H 2 CI2  fo rm ation  in th e  c a rb o n  te t ra c h lo r id e  f lam es .
T h e  re su l ts  sh o w  th a t  R eac tion  (313), CCI3 + C H 2 C U I 2 C 2 H 2 CI2 +CI2 , 
fo rm s 8 1 .5 %  of th e  1 2 C 2 H 2 CI2  in C a s e  B-1 a n d  a c c o u n ts  for only 
4 .5 %  of th e  1 2 C 2 H 2 CI2  form ation  in C a s e  A-4. T his  in d ica te s  th a t  
th e  fo rw ard  r a te  c o n s t a n t  for R e ac tio n  (313) is o v e re s t im a te d .  This 
reac t io n  is in th e  g e n e ra l  reac tion  c l a s s  (B-2) in T a b le  3-5 , a n d  is a  
co m p lex  reac t io n  r e p re s e n t in g  a  s e r i e s  of e le m e n ta ry  re a c t io n s .
T h is  c l a s s  of r e a c t io n s  a r e  rad ic a l- rad ica l  r e c o m b in a t io n s  with CI2 
e lim ination . T h e s e  re a c t io n s  w e re  a s s i g n e d  a  fo rw ard  r a te  c o n s ta n t  
of 1.0 x 1 0 1 3 . T h e  overpred ic tion  of 1 2 C 2 H 2 CI2  by R e ac tio n  (313) 
s u g g e s t s  th a t  th is  fo rw ard  ra te  c o n s ta n t  is to o  high.
H C 2 H 2 CI2  exhib its  th e  s e c o n d  h ig h e s t  n u m b e r  of c a s e s  in 
g o o d  a g r e e m e n t  with six, F ig u re s  4 -3 7  a n d  4 -3 8 .  T h e re  is o n e  poor 
c o m p a r is o n ,  for c a rb o n  te trac h lo r id e  a t  C I /H -0 .0 7 .  All t h r e e  of th e  
d ic h lo ro m e th a n e  f la m e s  with <I>=0.33 w e re  in g o o d  a g r e e m e n t  with 
e x p e r im e n t .
1 2 8
All th re e  profiles for C 2 H 3 CI a t  0 = 0 .3 3  a r e  a ls o  in g o o d  
a g re e m e n t .  Only o n e  o th e r  profile is g o o d , w hile  two a r e  poor,
F ig u re s  4 -3 9  a n d  4-40 . F o r  C2 H C I3  th e re  a r e  th re e  g o o d  profiles a n d  
o n e  p o o r  o n e ,  F ig u re s  4-41 a n d  4 -42 .
C 2 CI4  s h o w s  only two g o o d  c o m p a r iso n s ,  a n d  o n e  poo r  one , 
F ig u re s  4 -4 3  a n d  4 -44 . This s p e c i e s  e x h ib ited  th e  s e c o n d  sm a lle s t  
n u m b e r  of g o o d  c o m p a r is o n s .  This is d u e  to  th e  high forw ard  ra te  
c o n s ta n t  in R eac tion  (309), CCI3  + CCI3  < - - >  C 2 CI4  + Cl2 - This 
reac t io n  is in reac tion  c l a s s  (B-2) of T a b le  3-5 , a s  w a s  reaction  
(313), w hich w a s  d i s c u s s e d  p rev ious ly  re g a rd in g  1 2 C 2 H 2 CI2  
fo rm ation . T h e  fac t  th a t  two re a c t io n s  from  th e  s a m e  reac tio n  
c l a s s  a p p e a r  to o v e re s t im a te  s p e c i e s  fo rm atio n  r a t e s  in d ic a te s  th a t  
th e  ra te  c o n s ta n t  for th is  reac tion  c l a s s  is to o  high.
In s u m m a ry ,  th e  to ta l n u m b e r  of c a lc u la te d  s p e c i e s  profiles 
for which e x p e r im e n ta l  d a t a  a r e  av a i lab le  is 79 . Of th e s e ,  39, or 
49 .4% , a re  found  to b e  in g o o d  a g re e m e n t  with ex p erim en t.  T he 
criteria  for g o o d  a g r e e m e n t  a r e  d e f in e d  in S e c t io n  4 .1 . Only five 
s p e c ie s  profiles, 6 %, h a v e  p e a k s  th a t  a r e  a n  o rd e r  of m ag n itu d e  
a b o v e  or be low  th e  ex p er im en ta l  p e a k  va lue . T h e  d ic h lo ro m e th a n e  
s im u la t io n s ,  with a  c o n s ta n t  Cl/H ratio of 0 .8 ,  sh o w  th e  b e s t  
a g r e e m e n t  with e x p e r im e n t .  T h e  c a rb o n  te t r a c h lo r id e  s im u la t io n s  
with a>=0.3 sh o w  th e  w o rs t  a g re e m e n t ,  with th r e e  p o o r  c o m p a r is o n s .  
T h e  failure of th e  s im u la t io n s  to r e p ro d u c e  th e  e x p e r im e n t  in th is  
c a s e  is a ttr ib u ted  to p o o r  e x p e r im e n ta l  d a ta .  T h e  p ro b le m s  
e n c o u n te r e d  in th e  e x p e r im e n ts  a r e  d e s c r ib e d  in S e c tio n  4 .3 .3 .
1 2 9
C 2H 2 US.®, CI/H-0.33.
1 O 4  
1 0 3
5
CL 1 0 2
a .
i o  1 
1 0 °
0 . 0  0 . 1  0 . 2  0 . 3
D ISTA N CE ABOVE BURNER (cm)
(A)
C 2 H 2 US. Cl/H RRTIO, 0 -0 .8 .
1 0  4  
1 0  3
I
«■ 1 0  2 
Q.
1 0  1 
1 0 °
0 . 0  0 .1  0 . 2  0 . 3
D ISTA N CE ABOVE BU RNER (cm) 
______________________________________ (B)_____________________________________
F ig u re  4 - 2 5 .  C 2 H 2  s p e c ie s  p ro f ile s  a s  a  f u n c t io n  o f  O  a n d  C l /H  
ra t io .  (A) CH^CL, f la m e  d a t a  a s  v s . O (B) CHaCIa f la m e  d a t a  v s , C l /H  
ra t io .  L in e s  a r e  c a lc u la t io n s ,  p o in t s  a r e  e x p e r im e n ta l  d a t a  f ro m  
S e n s e r  (1 9 8 5 ).
_ CASE A - 6  
(Cl/H =0.50)
(NO EXPT. d a t a ;










C2H 2 US. O, C I /H - 0 .3 .
a  f c B -










DISTANCE ABOVE BURNER (cm) 
(A)









x x  *
CASE B-1 - □  
(Cl/H=0.34)
CASE B - 6  
-  (Cl/H =0.52)
(NO EXPT. DATA)
CASE B-4 - x 
(Cl/H=0.07)
0 . 0 0.1 0.2  
DISTANCE ABOVE BURNER (cm)
(B)
0 . 3
F ig u re  4 -2 6 . C 2H 2 s p e c ie s  p ro files  a s  a  fu n c tio n  o f  O a n d  C l/H  ratio .
(A) CC14 fla m e d a ta  a s  v s . O (B) CC14 fla m e d a ta  v s . C l/H  ra tio . L in es
are c a lc u la t io n s , p o in ts  are  e x p er im en ta l d a ta  from  M orse (1 9 8 8 ).
1 3 1
1 0
C 2 H 4 US. O, CI/H-0.3 3.
\CASE A-3 - 
(0 = 1.10)
CASE A -l - X 
(0=0.77)
CASE A-4 - □  
(0 = 1.01)
0 . 3
DISTANCE ABOVE BURNER (cm) 
(A)
C 2H 4 u s . Cl/H RATIO, 0 - 0 . 8 .
10
CASE A-5 - x 
(Cl/H =0.06)
CASE A -l - □  
(Cl/H=0.33)
CASE A- 6  
(Cl/H=0.50)
(NO EXPT. DATA)
\ 0  w -P—O 
0.0 0.1 0.2 0 . 3
D ISTANCE ABOVE BURNER (cm)
(B)
F ig u re  4 -2 7 . C 2 H 4  s p e c ie s  p ro f i le s  a s  a  f u n c t io n  o f  O  a n d  C l /H  
ra t io .  (A) CH^CL, f la m e  d a t a  a s  v s . O  (B) CHgCl, f la m e  d a t a  v s . C l /H  
ra t io .  L in e s  a r e  c a lc u la t io n s ,  p o in ts  a r e  e x p e r im e n ta l  d a t a  f ro m  








C 2H 4 US. 0 , C I /H - 0 .3 .
CASE B-2 - ■  
(0=1.17)
 * CASE B-1 - □
■b (0 = 1.02)
0.0 o . t 0.2 0 . 3
DISTANCE ABOVE BU RN ER (cm) 
(B)
C 2 H 4 US. Cl/H HRTI0, 0 - 0 . 9 5 .
CASE B-1 - □  
(Cl/H=0.34)
CASE B-4 - x 
(Cl/H=0.07)





D ISTANCE ABOVE BURNER (cm) 
(A)
F ig u re  4 -2 8 . C 2 H 4 s p e c ie s  p ro files  a s  a  fu n c tio n  o f  0 a n d  C l/H  ratio .
(A) CC14 fla m e d a ta  a s  v s . 0  (B) CC14 f la m e  d a ta  v s . C l/H  ratio . L in es
are  c a lc u la tio n s , p o in ts  are  ex p e r im e n ta l d a ta  from  M orse (1 9 8 8 ).
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1 0
1 0  
1 0











0,0 0.1 0.2 0 . 3
DISTANCE ABOVE BURNER (cm)
(A)








0 . 0  0 . 1  0 . 2  0 . 3
D ISTA N CE ABOVE BU RNER (cm) 
____________________________________ (B)____________________________________
F ig u re  4 -2 9 . C2 H  6 s p e c ie s  p ro f i le s  a s  a  fu n c t io n  o f  O  a n d  C l /H  
ra t io .  (A) C f^ C l,  f la m e  d a t a  a s  v s . O  (B) C H jC l, f la m e  d a t a  v s . C l /H  
ra t io .  L in e s  a r e  c a lc u la t io n s ,  p o in ts  a r e  e x p e r im e n ta l  d a t a  f ro m  





















2 CASE B-1 
(0 = 1.02)
CASE B-3 - x 
(0=0.75)
0 e*
0.0 0 . 1 0.2






t  1 0
Q.
1 0













D ISTA N C E ABOVE BU RN ER (cm) 
<B)
0 . 3
F ig u re  4 -3 0 . C 2 H  6 s p e c ie s  p ro files  a s  a  fu n c tio n  o f  O a n d  C l/H  ratio .
(A) CC14 f la m e d a ta  a s  v s . O (B) CC14 f la m e  d a ta  v s . C l/H  ra tio . L ines
are c a lc u la t io n s , p o in ts  a re  ex p er im en ta l d a ta  from  M orse (1 9 8 8 ).
1 3 5
C H C 1 3 CI/H-0.3 3.
1 0
a. o








DISTANCE ABOVE BURNER (cm) 
(A)




f N n  F Y P T  HATA^ CASE A-5 - x  (Cl/H =0.06)




D ISTA N CE ABOVE BU RN ER (cm)
(B)
F ig u re  4 -3 1 . C H C 1 3  s p e c ie s  p ro f ile s  a s  a  f u n c t io n  o f O a n d  C l /H  
ra t io .  (A) C H 3CLj f la m e  d a t a  a s  v s . O (B) CH^Cl* f la m e  d a t a  v s . C l /H  
ra t io .  L in e s  a r e  c a lc u la t io n s ,  p o in ts  a r e  e x p e r im e n ta l  d a t a  fro m  
S e n s e r  (1 9 8 5 ).
1 3 6






CH C1 3 US. O, CI/H-0.3.
4









DISTANCE ABOVE BURNER (cm) 
(A)
0 . 3
CH C1 3 US. Cl/H RRTIO, 0-0 .95 .
1 0  3
I
“■ 1 0 2 
0 .
1 0  1
1 0 °
0 . 0  0 . 1  0 . 2  0 . 3





CASE B-1 - □  
(Cl/H=0.34)
CASE B-4 - X 
(Cl/H=0.07)
□ □
F ig u re  a -3 2 . CHC1 3 s p e c ie s  p ro files  a s  a  fu n c tio n  o f  O  a n d  C l/H  ratio .
(A) CC14 f la m e d a ta  a s  v s . O (B) CC14 fla m e d a ta  v s . C l/H  ra tio . L ines
are c a lc u la t io n s , p o in ts  are ex p er im en ta l d a ta  from  M orse (1 9 8 8 ),
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C H 3 C1 US. O, CI/H-0.33.
1 0  
1 0
I
CL 1 0  
Q.




CASE A -l 
(<&=0.77)
- x
CASE A-4 - □  
(<I>=1.0 1 )
0.0

















CASE A-5 - x 
(Cl/H =0.06)
0
0.0 0.1 0.2 0 . 3
D ISTA N CE ABOVE BU RN ER (cm) 
(B)
F ig u re  4 -33 . C H 3 C1 s p e c ie s  p ro f i le s  a s  a  fu n c t io n  o f  O  a n d  C l /H  
r a t io .  (A) C H 2C12 f la m e  d a t a  a s  v s . <I> (B) C F ^C l, f la m e  d a t a  v s . C l /H  
r a t io .  L in e s  a r e  c a lc u la t io n s ,  p o in ts  a r e  e x p e r im e n ta l  d a t a  f ro m  
S e n s e r  (1 9 8 5 ).
1 3 8
C H 3 C1 US. O, CI/H-0.3.
1 0  4  
1 0 3
I
CL 1 0 2 
0.
t 0 1 
1 0 °
0 . 0  0 . 1  0 . 2  0 . 3









F ig u re  a -3 4 . C H 3 C1 s p e c ie s  p ro files  a s  a  fu n c tio n  o f  O  a n d  C l/H  ratio .
(A) CC14 flam e d a ta  a s  v s . O (B) CC14 f la m e  d a ta  v s . C l/H  ratio . L in es
are c a lc u la tio n s , p o in ts  are ex p er im en ta l d a ta  from  M orse (1 9 8 8 ).





CASE B -l - □  
(Cl/H =0.34)
CASE B-4 - x  
(Cl/H=0.07)
0.1 0,2





CASE B-2 - ■  
(0=1.17)
CASE B -l - □  
(0 = 1.02)
1 3 9
1 2 C 2 H 2C 1 2 US. O, C I /H - 0 .3 3 .
1 0  4  
1 0 3
I
t  1 0 2 
Q.
1 0  1 
1 0 °
0 . 0  0 . 1  0 . 2  0 . 3
D ISTA N CE ABOVE BU RNER (cm)
(A)
1 2 C 2 H 2C1 2 US. C l/H  RRTIO, <I>«0.8.
CASE A -1 
(Cl/H=0.33)






0 . 0  0.1 0 . 2  0 . 3
D ISTA N CE ABOVE BURNER (cm)
(B)
F Ig u re  4-35. 12 C 2 H 2C 1 2 s p e c ie s  p ro f ile s  a s  a  f u n c t io n  o f  O  a n d  C l /H  
r a t io .  (A) C H 2C12 f la m e  d a t a  a s  v s . O  (B) CHjCL, f la m e  d a t a  v s . C l /H  
r a t io .  L in e s  a r e  c a lc u la t io n s ,  p o in t s  a r e  e x p e r im e n ta l  d a t a  fro m  
S e n s e r  (1 9 8 5 ).
CASE A -1 - x  
(0*0.77)
CASE A-3 - ■  
(0 = 1.10)
CASE A-4 - □  
(0 * 1.01)
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1 0  
1 0
I
CL 1 0  
&
1 0  
1 0
1 2 C 2 H 2 C 1 2 US. O, C I / H - 0 . 3 .
4





x9:“ 3< * * CASE B-2 - ■  
(0=1.17)
0
0.0 0. 1 0.2
DISTANCE ABOVE BU RNER (cm)
(A)
0 . 3




CASE B-l - □  
(CI/H=0.34)





DISTANCE ABOVE BURNER (cm)
(B)
F ig u re  4 -3 6 . 1 2C 2 H 2C1 2 s p e c ie s  p ro files  a s  a  fu n c tio n  o f  O a n d  C l/H
ratio . (A) CC14 fla m e d a ta  a s  v s . O (BJ CC14 flam e d a ta  v s . C l/H  ratio .
L in es are  c a lc u la tio n s , p o in ts  a re  ex p er im en ta l d a ta  from  M orse (1 9 8 8 ),
1 4 1
IIC2H2CI2 US. <D. CI/H-0.33.
CASE A -1 - x 
(0=0.77)
0 . 1 0 CASE A-3 - ■  
(0 = 1. 10)
CASE A-4 - □  
(0 =1.01)
0 . 3
D ISTANCE ABOVE BURNER (cm) 
(A)
11C2H2C12 US. Cl/H RRTIO, 0 -0 .8 .
1 0






CASE A-5 - 
(Cl/H=0.06)
0 . 3
D ISTA N CE ABOVE BURNER (cm)
(B)
F ig u re  4 -3 7 . ] ] c ? H 2C12 s p e c ie s  p ro f ile s  a s  a  f u n c t io n  o f  O  a n d  C l /H  
r a t io .  (A) CHgClj f la m e  d a t a  a s  v s . O  (B) CH^CL, f la m e  d a t a  v s . C l /H  
ra t io .  L in e s  a r e  c a lc u la t io n s ,  p o in ts  a r e  e x p e r im e n ta l  d a t a  fro m  








n C 2 H 2C l 2 US. 0 , CI/H-0.3.
4
CASE B -l - □  
(0 * 1.02)3




0.0 0. 1 0.2 0 . 3
D ISTA N CE ABOVE BU RN ER (cm)
(A)








□ □ □ a (a/H ^O .52)
(NO EXPT. DATA)
CASE B -l - □  
(Cl/H =0.34)
CASE B-4 - x  
(Cl/H=0.07)
0 , 0  0 . 1  0 . 2
D ISTA NCE ABOVE BU RNER (cm)
(B)
0 . 3
F ig u re  4 -3 8 . 1 1C 2 H 2 C12 s p e c ie s  p ro files  a s  a  fu n c tio n  o f  0  a n d  C l/H
ratio . (A) CC14 fla m e d a ta  a s  v s . 0  (B) CC14 flam e d a ta  v s . C l/H  ratio .
L in es are  c a lc u la t io n s , p o in ts  are ex p er im en ta l d a ta  from  M orse (1 9 8 8 ).
1 4 3
C 2H 3C1 US. O, C I / H - 0 .3 3 .
1 1 0 "  i
CASE A -l - x 
(0=0.77)
CASE A-3 - ■  
(0 = 1.10)
CASE A-4 - □  
(0 =1.01)
0 . 3
DISTANCE ABOVE BU RN ER (cm) 
(A)
C 2H 3C1 US. Cl/H RATIO, 0 - 0 .8 .
1 0
1 0 3 . CASE A -l - □  
(Cl/H=0.33)
CASE A - 6  
(Cl/H=0.50)
(NO EXPT. DATA)
CASE A-5 - x 
(Cl/H =0.06)
0 . 3
DISTANCE ABOVE BU RN ER (cm) 
<B)
E ig u re  4 -3 9 . C 2 H 3 C I s p e c ie s  p ro f ile s  a s  a  f u n c t io n  o f  O  a n d  C l /H  
ra t io .  (A) C H aC la f la m e  d a t a  a s  v s . O  (B) CH ^Cl, f la m e  d a t a  v s . C l /H  
ra t io .  L in e s  a r e  c a lc u la t io n s ,  p o in ts  a r e  e x p e r im e n ta l  d a t a  f ro m  
S e n s e r  (1 9 8 5 ).
1 4 4
C 2 H 3 CI US. O, CI/H-0.3.
m  ■ ■  ■
i »  ■
CASE B-3 - x 
(0*0 .75)
CASE B -l - □  
(0 = 1.02)
CASE B-2 - ■  
(0=1.17)
0.2 0 . 3
D ISTA N C E ABOVE BU RN ER (cm)
(A)




CASE B -l - □  
(Cl/H =0.34)
CASE B-4 - x 
(Cl/H =0.07)
0.2
D ISTA N CE ABOVE BU RN ER (cm)
(B)
0 . 3
F ig u re  ^-40. C 2H 3C1 s p e c ie s  p ro files  a s  a  fu n c tio n  o f  O  a n d  C l/H  ratio.
(A) CC14 fla m e d a ta  a s  v s . O (B) CC14 flam e d a ta  v s . C l/H  ratio . L ines
are c a lc u la tio n s , p o in ts  are ex p er im en ta l d a ta  from  M orse (1 9 8 8 ).
1 4 5
C 2HC13 US. O, CI/H-0.3 3 .
CASE A -l - x 
<0=0.77)
CASE A-3 - ■  
(0 = 1.10)
CASE A-4 - □  
(0 = 1.01)
0 . 0  0 . 1  0 . 2  0 . 3
D ISTA NCE ABOVE BURNER (cm)
(A)
C2 HC1 3 us. Cl/H RfiTIO, 0- 0.B.
1 0  4 
1 0  3
I




0 . 0  0 . 1  0 . 2  0 . 3
D ISTA N CE ABOVE BURNER (cm) 
______________________________________ (B)_____________________________________
Figure 4-41. C 2HC1 3 species profiles as a function of O and Cl/H 
ratio. (A) CHaCla flame data as vs. O (B) CH.C1, flame data vs. Cl/H 
ratio. Lines are calculations, points are experimental data from 
Senser (1985).





CASE A-5 - x  
(Cl/H=0.06)
1 4 6
C 2 HCI3 US. <t>, CI/H-0.3.
1 0
CL 0
CASE B-3 - x 
(0=0.75)
CASE B -l - □  
(0 = 1.02)
CASE B-2 - ■  
(0=1.17)
0.2
D ISTA N CE ABOVE BURNER (cm) 
(A)
0 . 3








0.0 0.1 0.2 0.3
D ISTA N CE ABOVE BURNER (cm) 
_____________________________________ (B)_________________________________________
F ig u re  k - u i  C 2HC1 3 s p e c ie s  p ro files  a s  a  fu n c tio n  o f  0  a n d  C l/H  ratio .
(A) CC14 fla m e d a ta  a s  v s . 0  (B) CC14 f la m e  d a ta  v s . C l/H  ra tio . L in es




CASE B-l - □  
(Cl/H =0.34)
x x
CASE B-4 - X 
(Cl/H=0.07)
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CL 1 0 
&
1 0  ’ -!
1 0
CASE A -l - x  
(0=0.77)
CASE A-3 - ■ 
(0 = 1.10)
CASE A-4 - □  
(0 = 1.01)
0.0 0 . 1 0.2 0 .3
DISTANCE ABOVE BURNER (cm)
(A)
C 2 C14 US. Cl/H R A T I O ,  0 - 0 . 8 .




(NO EXPT. DATA) 
□




D ISTA N CE ABOVE BU RN ER (cm)
(B)
F ig u re  4 -4 3 . C 2C 1 4 s p e c ie s  p ro f ile s  a s  a  f u n c t io n  o f  O  a n d  C l /H  
r a t io .  (A) C H ,C lj f la m e  d a t a  a s  v s . O  (B) CHjCL, f la m e  d a t a  v s . C l /H  
ra t io .  L in e s  a r e  c a lc u la t io n s ,  p o in ts  a r e  e x p e r im e n ta l  d a t a  f ro m
S e n s e r  (1985).
1 4 8
C 2 C 14 US. O, C I /H - 0 .3 .
1 O 4 T
CL 0








D ISTA N CE ABOVE BURNER (cm)
(A)
0 . 3









CASE B -l - □  
(Cl/H=0.34)
2
CASE B-4 - x 
(Cl/H=0.07)
x x
*t N [> 
0.10.0 0.2 0 . 3
D ISTA N CE ABOVE BURNER (cm)
(B)
F ig u re  a-4 4 . C 2C 14 s p e c ie s  p ro files  a s  a  fu n c tio n  o f  O  a n d  C l/H  ratio .
(A) CC14 fla m e d a ta  a s  v s . O (B) CCI4 fla m e d a ta  v s . C I /H  ratio . L ines
are  c a lc u la tio n s , p o in ts  are  ex p e r im e n ta l d a ta  from  M orse  (1 9 8 8 ).
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4 .4 . REACTION RATE ANALYSIS
O n c e  the  re su l ts  of a  s im ula tion  a re  o b ta in e d ,  a  reac tio n  ra te  
a n a ly s is  c a n  b e  m a d e  to d e te rm in e  th e  im portan t rea c t io n  p a th w a y s  
for th e  f la m e s  (Levy e t  al, 1982 , Miller e t  al, 1 9 8 8 a ,  Miller e t  al 
1 9 8 8 b ) .  T h e  reac t io n  ra te  a n a ly s is  g iv e s  th e  to ta l s p e c i e s  fo rm ation  
a n d  d e p le t io n  ra te s ,  a n d  th e  s p e c i e s  fo rm ation  a n d  d e p le tio n  ra te s  
for e a c h  reac tio n .
T h e  reac t io n  ra te  a n a ly s is  w a s  u s e d  to  fo rm u la te  th e  reac tion  
p a th w a y s  for C H 2 CI2 , CCI4 a n d  CH 4 . T he  reac tion  p a th w a y s  for 
C H 2 CI2 a r e  p r e s e n te d  in F igure  4 -45 . C H 2 O 2 is d e p le te d  by th e  two 
r e a c t i o n s
R e a c t io n  (239) is th e  p re fe r re d  p a th  o v e r  R eac tio n  (234) by a  ratio
of 9:1 fo r all fuel c o n d it io n s  e x c e p t  fuel-rich. U n d e r  fuel-rich
c o n d it io n s  th e  im p o r ta n c e  of (234) in c r e a s e s ,  a n d  R e ac tio n  (239) is
p re fe r re d  by a  ratio of only 4:1.
T h e  rad ical CH CI2 r e a c ts  to  form CCI2 2 o r  r e c o m b in e s  to  form
C 2 *s by th e  following re a c t io n s :
Cl + CH 2 CI2  < — > CHCI2  + HCI a n d
c h 2 c i 2  < — - >  c h 2 c i  + Cl
(239)
(234)
Cl + CHCI2  < — - >  CCI2  + H C I , (275)
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Figure U -45. Reaction pathways for dichotormethane 
in a methane/air environment; where are
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2C H C I2  < - « - >  C 2 HCI3  + HCI . (297)
C H g + CHCI2  < — - >  C 2 H3 CI + HCI , (304)
C H 2 CI + CHCI2  < - — > 1 1 C2 H2 CI2  + HCI and  (301)
C H 2 CI + CHCI2  < - - - >  12C 2 H2 CI2  + HCI . (300)
R e a c t io n s  (275) a n d  (297) a r e  th e  d o m in a te  p a th w a y s ,  with reac tio n
to CCI? p re fe r re d  for fue l- lean  co n d it io n s . T h e  ra te  for R eac tion
(297) is g r e a t e r  th a n  (275) for fuel-rich  o r heav ily  c h lo r in a te d  
f u e l s .  T h e  h o m o g e n e o u s  reac tion  p a th w a y s  for CCI4  oxidation
in a  CH4 /air  e n v iro n m en t  a re  g iven  in F igure  4 -46 . E valuation  of th e
rea c t io n  r a te  a n a ly s is  r e v e a ls  th a t  CCI4  r e a c t s  prim arily  th ro ugh
th e  four re a c t io n s :
C C I4  < — - >  CCI3  + Cl , (261)
CIHO + CCI3  < — - >  CCI4 + OH , (266)
Cl + CCI4  < — - >  CCI3  + Cl2  a n d  (264)
H + CCI4  < — - >  CCI3  + H C I . (262)
U n d e r  o x y g en -r ich  co n d it io n s  all t h e s e  re a c t io n s  c o n tr ib u te  to CCI4 
d e p le t io n ,  with R eac tio n  (261) hav ing  th e  la rg e s t  im pac t.  For fuel- 
rich c o n d it io n s  only R e a c t io n  (261) is im portan t.
T h e  rad ica l CCI3 r e a c ts  primarily to form C 2 *s th ro u g h  
r e a c t i o n s
C C I3  + CCI3  <■■■> C 2 Cl4  + Cl2  an d (309)
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F igure  a -46. R e a c t io n s  p a th w a y s  for c a rb o n  te t ra c h lo r id e  in a  
m e th a n e  a ir  env ironm ent, w h e re  a re  m ajo r reac tion
p a th w a y s .
CCI 4
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CO , HCI, Cl, CI2
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CCI3 + CH3 < — > CCI2 C H 2 + HCI . (308)
O th e r  rea c t io n  p a th w a y s  for CCI3 a r e  to  ch lo ro fo rm  th roug h
Cl + CHCI3 < - - - >  HCI + CCI3 , (253)
a n d  u n d e r  fu e l- lean  a n d  s to ich io m e tr ic  c o n d it io n s ,  o x ida tio n  to 
p h o s g e n e  v ia  reac tion
C C I3 + OCI < - - - >  CCI2 0  + Cl2 (279)
F igu re  4 -4 7  s h o w s  th e  reac tion  p a th w a y s  for C H 4 in a  heavily
c h lo r in a te d  f lam e  en v iro n m en t.  M e th a n e  w a s  found  to  r e a c t  only 
th ro u g h  th e  rea c t io n
CH 4 + Cl < — - >  CH3 + HCI . (125)
T h e  m e th a n e  rad ical C H 3 h a s  m any  reaction  c h a n n e ls  th rough  
w hich  reac tion  c a n  occu r .  T h o s e  re a c t io n s  th a t  resu lt  in ne t  C H 3
d e p le t io n  a re :
C H 3 + Cl < — > C H 2 + HCI , (131)
C 2 H6 < — > CH 3 + CHg , (66)
CCI3 + CH 3 < - - - >  CCI2 C H 2 + HCI , (308)
C H 3 + Cl2 < - - - >  CH 3 CI + Cl , (134)
C H 3 + O H  < - - - >  H2 0  + CH 2 , (16)
C H 3 + O  < - — > CH2 0  + H , (18)
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F igure  4-47 . R eac tio n  p a th w a y s  for m e th a n e  in
a  heav ily  c h lo r in a te d  e n v iro n m e n t ,  w h e re  -------
a re  reaction  p a th s ;  a n d  a r e  m ajor
reac tion  p a th s .
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C H 3 + H 0 2 < — > CH3 0  + OH an d
c h 3 + c h 3 < - - - >  c 2 h 4 + h 2 .
(20)
(9)
U n d e r  fu e l- lean  co n d it io n s  th e  re a c t io n s  p r o c e e d  in o rd e r  of 
im p o rtan ce  a s  R a te  (131) > R a te  (134) > R a te  (20) > R a te  (308). For 
fuel rich co n d it io n s  th e  im p ortan t  re a c t io n s  a r e  (66), (131), (308) 
a n d  (134). R eac tio n  (131) is th e  d o m in a n t  reac t io n  for all 
s to ich io m e tr ie s .  T h e  C 2 fo rm ation  re a c t io n s  b e c o m e  in c reas in g ly  
im p o rtan t  u n d e r  fuel-rich c o n d it io n s .  T h e  ox ida tive  r e a c t io n s  
b e c o m e  im p o rtan t  u n d e r  fu e l- lean  a n d  s to ich io m e tr ic  co n d it io n s .
T h e  fa te  of a to m ic  ch lo rine  c h a n g e s  a s  s to ich io m etry  v a r ie s .  
U n d e r  fuel-rich co n d it io ns  th e  lack of a v a i la b le  o x y g e n  c a u s e s  th e  
h y d ro ca rb o n  radical pool to  b e c o m e  large. T h e s e  rad ica ls  then  
d e p le te  th e  ch lo rine  pool, a n d  su b s e q u e n t ly ,  ch lo rine  is no t  av a i la b le  
for rea c t io n .  T h e  re a c t io n s  involving ch lo r in e  fo rm ation  a re
OH + HCI < - — > Hz O  + Cl , 
CCI4 <■■■> CCI3 + Cl a n d
O  + HCI < - - - >  OH + Cl . (229)
(224)
(261)
T h e  ch lo r ine  d e p le t io n  re a c t io n s  a r e
C H 4 + Cl < »»» >  CHg + HCI a n d  
Cl + H2  < — > HCI + H .
(125)
(232)
F or fuel-rich co n d it io n s  R e a c t io n s  (261) a n d  (125) a r e  the  
m o s t  im portan t. U n d e r  fu e l- lean  a n d  s to ich io m etr ic  c o n d it io n s  th e
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oxidation  of HCI, via  R e a c t io n s  (224) a n d  (229), is th e  s o u rc e  of 
c h lo r in e  fo rm atio n , w hile  ch lo r in e  d e p le t io n  still o c c u r s  th ro u g h  
R e a c t io n  (125).
T h e  a n a ly s is  of th e  s im u la tion  re su l ts  in d ic a te s  w hy CCU  is 
su c h  a  g o o d  flam e inhibitor a n d  flam e re ta rd an t .  CCI4 d o e s  not 
read ily  ox id ize , but d i s s o c ia te s  to CCI3  a n d  Cl. Cl a to m s  th en  then  
a b s t r a c t s  H a to m s  from th e  fuel s p e c ie s  CH 4 . This prohibits 
ox idation  in th e  f lam e  by p reven tin g  cha in  b ran ch in g  th ro u g h  
reac tion  (51), H +O 2 -O H + O . T he  soo ting  te n d e n c ie s  of t h e s e  f lam es  
c a n  a ls o  b e  e x p la in e d .  Prohibiting oxidation via  reac t io n  (51) 
inhibits th e  oxidation of C H 3 a n d  p ro m o te s  rad ica l re c o m b in a t io n  to 
C 2 's. Also, CCI3 d o e s  no t readily  oxidize, bu t in s te a d  re c o m b in e s  to 
e th e n e s .  It is th is  in c re a s e d  fo rm ation  of C 2 's  th a t  is indicative  of 
i n c r e a s e d  so o tin g .
5. CONCLUSIONS
A o n e -d im e n s io n a l  c o m p u te r  m odel a n d  a  reac t io n  m e c h a n ism  
h a v e  b e e n  d e v e lo p e d  th a t  c a n  b e  u s e d  to s im u la te  f la m e s  burning Ci 
c h lo r in a te d  h y d ro c a rb o n s  in a  m e th a n e /a i r  en v iro n m en t.  T he  
m e c h a n is m  c o n ta in s  h y d ro c a rb o n s  a n d  c h lo r in a te d  h y d ro c a rb o n s  up 
to C 2 m o le cu le s ,  a n d  h a s  b e e n  u s e d  to s im u la te  s tab il ized  flat 
f la m e s  bu rn ing  d ic h lo ro m e th a n e  a n d  c a rb o n  te t ra c h lo r id e  in 
m e t h a n e / a i r  m ix tu re s .
T his  is th e  first n u m erica l  m ode l th a t  h a s  b e e n  su c c e ss fu lly  
u s e d  to s im u la te  a  ch lo r in a ted  fuel burn ing  in a  m e th a n e  
en v iro n m en t .  T h e  only o th e r  a t te m p t  to  perfo rm  th is  ty p e  of flat 
f lam e  sim ula tion  w a s  d o n e  by Karra, e t  al (1988). T h e re ,  th e  SANDIA 
flat f lam e  p ro g ram  w a s  u s e d  with limited s u c c e s s .  T h e  p ro g ram  
w a s  u n a b le  to  a d e q u a te ly  p red ic t  th e  s p e c i e s  b o u n d a ry  cond itions , 
a n d  th e  m ajo r  s p e c i e s  profiles did not a g r e e  with e x p e r im e n t .
T h e  s u c c e s s  of th e  n u m erica l  m odel in th is  w ork  is a ttr ibu ted  
to  th e  d e v e lo p m e n t  of th e  c o n v e r g e n c e  c ri te r ia  d e s c r ib e d  in S ec tion  
2 .1 0 .1 ,  a n d  to  d e v e lo p in g  a n  a lgorithm  th a t  c a n  c o n v e rg e  th e  
e x tre m e ly  stiff s e t  of e q u a t io n s  req u ire d  in th e  p ro b lem . Two n e w  
nu m erica l  t e c h n iq u e s  w e re  u s e d  to  e n h a n c e  th e  m o d e l 's  ability to 
so lv e  t h e s e  stiff s y s te m s  of e q u a t io n s .  T h e  first w a s  th e  
d e v e lo p m e n t  of th e  t im e -s te p p in g  te c h n iq u e  p r e s e n te d  in S ec tio n  
2 .10 . This te c h n iq u e  a llow s th e  t im e -s te p  s iz e  to in c r e a s e  a s  th e  
so lu tion  c o n v e rg e s ,  bu t  s e t s  a n  u p p e r  b o u n d  o n  t im e -s te p  s iz e .  O n c e  
th is u p p e r  b o u n d  is o b ta in e d ,  th e  so lu tion  c o n t in u e s  until th e  
c o n v e r g e n c e  crite ria  in S e c tio n  2.10.1 is r e a c h e d .
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T h e  s e c o n d  num erica l te c h n iq u e  d e v e lo p e d  in th is  work is th e  
l in ear iza tio n  of th e  s p e c i e s  c o n s e rv a t io n  e q u a t io n  s o u r c e  t e rm s .
T h is  l in e a r iz a t io n  a llo w s  th e  so lu tio n  to b e  sem i-im plic it ,  w h ich  
m a k e s  th e  so lu tion  te c h n iq u e  m uch  m o re  robust .  T his a c c o u n ts  for 
its ability to so lv e  v e ry  stiff p ro b le m s  th a t  c a n  n o t b e  so lv e d  by  
c o n v e n t io n a l  m e th o d s .
A ra n g e  of co n d it io ns  w e re  s im u la ted  to  m a tc h  th e  
e x p e r im e n ta l  co nd it ions  of S e n s e r  (1985) a n d  M orse  (1988). T he  
Cl/H ratio  of th e  fuel  w a s  v a ried , w hile  holding th e  s to ich io m etry  
c o n s ta n t  a t  a  fuel e q u iv a le n c e  ratio, <!>, of n e a r  0 . 8  for th e  c a rb o n  
te t ra c h lo r id e  f la m e s ,  a n d  n e a r  0 .9 5  for th e  d ic h lo ro m e th a n e  f lam es .
T h e  in fluence  of e q u iv a le n c e  ratio w a s  e x p lo re d  by holding the  
Cl/H ratio  c o n s ta n t  a t  n e a r  0 .3 3  a n d  by vary ing  th e  s to ich iom etry  
from s t io ch io m etr ic ,  to fu e l- lean ,  to fuel-rich . F o r c a rb o n  
te trac h lo r id e ,  O .w a s  0 .77 , 1.01, a n d  1.10. E xperim en ta l  d a ta  a r e  
a v a i la b le  for all c a s e s  e x c e p t  th e  two for a  Cl/H ratio  g r e a te r  th an
0 .5  [M orse, 1988; S e n s e r ,  1985] (C I/H -0 .5 2  for c a rb o n  te trach lo rid e , 
a n d  C l/H *0 .5  for d ic h lo ro m e th a n e ) .
M ost of th e  m ajor sp e c ie s ,  (e.g. CH 4 , O 2 , C O 2 , CO, CCI4 , a n d  
C H 2 CI2 ) c a n  b e  s im u la te d  a c c u ra te ly  for all c a s e s  for which 
ex p e r im e n ta l  d a ta  a r e  av a ilab le .  T h e  only m ajo r  e x c e p tio n  is 
inability of th e  m od el to  p red ic t  b re a k th ro u g h  of th e  c h lo r in a te d  
fue ls  into th e  p o s t  f lam e  region . A lthough CH2 CI2 a n d  CCI4 w e re  
found  to  p e rs is t  a t  a b o u t  1 0  p pm  in th e  p o s t  f lam e  reg ion  of th r e e  of 
th e  e x p e r im e n ta l  f la m e s ,  th e  c o d e  p re d ic ts  c o m p le te  d e s t ru c t io n  
u n d e r  all cond it ion s . B reak th ro u g h  w a s  a ls o  foun d  to  o c c u r  for 
CHCI3 .
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T h e  r e a s o n  for th is  b rea k th ro u g h  is unknow n. S e v e ra l  p o ss ib le  
e x p la n a t io n s  for th is  p h e n o m e n o n  h a v e  b e e n  identified. Tw o of th e s e  
poss ib il i tie s  a r e  kinetic. T h e  s p e c i e s  th a t  a r e  b rea k in g  th ro u g h  a re  
no t d e s t r o y e d  in th e  ox idation  region  of th e  f lam e , b u t  p a s s  th rou gh  
th is  reg ion  in tact. This w ould  req u ire  th a t  t h e s e  s p e c i e s  b e  
therm ally  s ta b le  e n o u g h  to p a s s  th rou gh  a  high te m p e r a tu re  region  of 
o v e r  1 7 0 0  K. T herm od ynam ica lly ,  th e  c h lo r in a te d  m e th a n e s  would 
not b e  e x p e c te d  to b e  s ta b le  a t  t h e s e  t e m p e ra tu re s  (Miller, 1984; 
D ellinger ,1 9 8 4 ; D ellinger, 1985).
A s e c o n d  kinetic e x p la n a t io n  for b re a k th ro u g h  w ould  b e  th e  
re fo rm atio n  of t h e s e  c h lo r in a te d  m e t h a n e s  in th e  p o s t - f la m e  region . 
T h e  b re a k u p  of C 2 s p e c i e s  prior to en te r in g  th e  p o s t  f lam e  region 
w ould  p rov ide  a  so u rc e  of ch lo r in a ted  rad ica ls  su c h  a s  CCI2 , CHCI, 
C H 2 , CCI3 , or CHCI2 , th a t  would th e n  b e  a v a i la b le  to form ch lo r in a ted  
m e th a n e s  in th e  p o s t- f la m e  reg ion . T h e  fo rm ation  of ch lo r in a ted  
m e th a n e s  from  t h e s e  ra d ic a ls  is not th e rm o d y n a m ic a l ly  fa v o re d  a t  
high t e m p e r a tu r e s ,  h o w e v er .
R efo rm atio n  cou ld  a lso  o c c u r  if th e  fuel s p e c i e s  form  CCl3 o r  
C H C I 2 ra d ic a ls  ear ly  in th e  flam e. If t h e s e  ra d ic a ls  s u b s e q u e n t ly  
su rv ive  to th e  p o s t  f lam e  reg ion , th ey  w ould  p ro v id e  a  rad ical pool 
from  w hich  th e  c h lo r in a ted  m e th a n e s  co u ld  b e  fo rm ed .
An a l te rn a t iv e  to  th e  k inetic  fo rm atio n  of t h e s e  c h lo r in a te d  
m e th a n e s  w ould  b e  fo rm ation  of t h e s e  s p e c ie s  d u e  to  th e  sam p ling  
te c h n iq u e .  T h e  s a m p le s  w e re  ta k e n  with a n  a e ro d y n am ica l ly  
q u e n c h e d  q u a r tz  m ic ro p ro b e  with a  tip o rifice  of 5 0 -1 0 0  m ic ron s . 
T h e re  a r e  s e v e ra l  w a y s  in which ch lo r in a ted  m e th a n e s  c a n  b e  fo rm ed  
in th e  sam p lin g  p ro c e s s .  First, th e  p ro b e  is a n  in trusive
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m e a s u r e m e n t  te c h n iq u e  th a t  in tro d u c e s  a  s u r f a c e  on  w hich  re a c t io n s  
c a n  o ccu r. T h e  form ation of th e  ch lo r in a ted  m e th a n e s  cou ld  o c cu r  on 
th e  p ro b e  s u r f a c e  a n d  th en  e n te r  into th e  sam p lin g  train . S eco n d ly , 
th e  s a m p le s  w e r e  d raw n  into a  50  Torr a tm o s p h e re .  It is p o ss ib le  
th a t  th e  s a m p le  g a s e s  w e re  not fully q u e n c h e d ,  a n d  th a t  th ey  
c o n tin u ed  to  re a c t  a f te r  th e  sa m p le  h a d  b e e n  d raw n . T his  cou ld  h a v e  
led  to  fo rm ation  of s ta b le  s p e c i e s  a f te r  sam p lin g  from  th e  flam e.
Third, ch lo r in a ted  s p e c ie s  co u ld  h a v e  b e e n  a d s o r b e d  on  th e  s u r f a c e s  
in th e  sam p lin g  train  during  th e  e x p e r im e n t ,  lead in g  to c o n ta m in a te d  
s a m p le s .
O th e r  r e s e a r c h e r s  h a v e  m a d e  m e a s u r e m e n t s  of c h lo r in a te d  flat 
f la m e s  using  a  con ica l q u a r tz  c o n e  th a t  f e e d s  a  m o le c u la r  sk im m er  
(B o se  a n d  S e n k a n ,  1983; C h an g  a n d  S e n k a n ,  1988). T h e s e  r e s e a r c h e r s  
h a v e  no t re p o r te d  p ro b le m s  with b re a k th ro u g h  of c h lo r in a te d  
m e th a n e s .  This s u g g e s t s  tha t  ex p e r im en ta l  te c h n iq u e  m ay  b e  a  
fac to r  in th e  p o s t  f lam e, c h o lr in a te d  m e th a n e  m e a s u r e m e n t s  of 
M o rse  (1988) a n d  S e n s e r  (1985).
T h e  u s e  of a  s ing le  reac tion  m e c h a n ism  to m odel f la m e s  
burn ing  two d ifferen t ch lo r in a ted  fue ls , a s  d o n e  h e re ,  h a s  no t b e e n  
re p o r te d  p rev ious ly  in th e  l ite ra tu re . Similarly, t h e  u s e  of a  s in g le  
rea c t io n  m e c h a n is m  to s im u la te  a  f lam e  bu rn ing  a  c h lo r in a te d  fuel 
o v e r  a  r a n g e  of s to ic h io m e tr ie s  h a s  b e e n  a c c o m p l is h e d  for th e  first 
tim e. N e ither  ch lo r in a ted  f la m e s  h a v e  b e e n  m o d e le d ,  h e re to fo re ,  
o v e r  a  r a n g e  of Cl/H ra tios  using  a  s in g le  m e c h a n ism .
T h e  ability of a  s in g le  reac tion  m e c h a n is m  th a t  c a n  b e  u s e d  
u n d e r  a  v a rie ty  of fuel co n d it io n s  is a n  im p ortan t  a s p e c t  in th e  
d e v e lo p m e n t  of a  d e ta i le d  ch em ica l  m odel. T h e  d e v e lo p m e n t  of a
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m e c h a n ism  th a t  c a n  b e  u s e d  to  m odel su c h  a  d iv e rse  s e t  of 
c o n d it io n s  is a n  im portan t  s t e p  in th e  field of c o m p u ta t io n a l  
c h em is try .  T h is  a ls o  in d ic a te s  th a t  a d v a n c e s  in k inetics , in 
c o m p u ta t io n a l  m e th o d s ,  a n d  in c o m p u te r  tec h n o lo g y  a r e  com ing  
to g e th e r  to  a llow  for in c re a s in g ly  s o p h is t i c a te d  a p p l ic a t io n s  in 
c o m p u ta t io n a l  c h e m is t ry .
T he  c o d e  is a lso  a b le  to m odel so m e ,  bu t  by no m e a n s  all, of 
th e  q u a n t i ta t iv e  a n d  th e  qu a li ta t iv e  b e h a v io r  of ten  im p o r tan t  s ta b le  
in te rm e d ia te  s p e c ie s .  In o rd e r  to quantify  th e  d e g r e e  of s u c c e s s  in 
s im u la tin g  t h e s e  s ta b le  in te rm e d ia te s ,  t h e  c o m p a r is o n  of e a c h  
s im u la te d  profile to two p a r a m e te r s  of th e  e x p e r im e n t  w a s  
c la ss if ied  a s  g o o d ,  fair, or poor. Specifically , the  m a g n i tu d e  a n d  the  
position  of th e  p e a k  v a lu e  of e a c h  s p e c ie s  profile w a s  c o m p a re d  to 
c o r re s p o n d in g  e x p e r im e n ta l  v a lu e s .  U sing  a rb itra ry  c rite r ia , it w a s  
fou nd  th a t  fifty p e r c e n t  of th e  s t a b le  in te rm e d ia te  s p e c i e s  p rofiles  
a re  g o o d  s im u la tio ns , while only six p e rc e n t  a r e  in p o o r  a g re e m e n t .
In g e n e ra l  a g r e e m e n t  is b e t te r  in th e  C H 2 CI2 f lam es  th a n  it is in th e  
CCI4 f lam es . T he  p o o re s t  a g re e m e n t  in both  s y s te m s  w a s  
surp ris ing ly  fo und  to b e  th e  c a s e s  with th e  lo w e s t  Cl/H ra tios , C a s e  
A-5 a n d  C a s e  B-4. A lthough fifty p e rc e n t  of th e  profiles a r e  in g o o d  
a g re e m e n t ,  tw en ty  p e r c e n t  a r e  poorly  p red ic te d .
R eac tio n  p a th w a y s  for CH2CI2, CCI4 a n d  CH4 in a  heavily 
c h lo r in a te d  e n v iro n m e n t  w e re  d e v e lo p e d  from  th e  r e s u l ts  of th e  
s im u la t io n s .  M e ch a n is t ic  s tu d ie s  in d ic a te  th a t  CCI4 d e p le t io n  
o c c u rs  principally  by CCI4 d is so c ia t io n  into CCI3 a n d  Cl. This rou te  
p r o d u c e s  a  Cl radical pool th a t  im m edia te ly  d e p le te s  CH4 to CH3 an d  
HCI by  h y d ro g en  ab s trac tio n .  It is th is  a s p e c t  of CCI4 b e h a v io r  th a t
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a c c o u n t s  for its e f fe c t iv e n e s s  a s  a  f lam e inhibitor. T h e  resu lting  
C C I3  rad ica ls  d o  not oxidize, but rec o m b in e  with o th e r  CCI3  a n d  C H 3  
rad ica ls  to form C 2 *s. T h e s e  C 2 's  th e n  form a c e ty le n e  a n d  
c h lo r in a te d  a c e ty le n e s .  T h e s e  a c e ty le n e s  a r e  th o u g h t  to form so o t 
p re c u r s o r s ,  w hich w ould  a c c o u n t  for th e  so o tin g  t e n d e n c ie s  of CCI4  
f l a m e s .
S o m e  of th e  im portan t  re a c t io n s  th a t  re q u ire  fu r th e r  s tu d y  
h a v e  b e e n  identified. T h e s e  fall into two g ro u p s ,  t h o s e  re a c t io n s  
th a t  h a v e  b e e n  found  to h a v e  a  la rg e  im pact o n  im portan t reac tion  
p a th w a y s  bu t d o  not h a v e  e x p e r im e n ta l  ra te  d a ta  ava ilab le ;  a n d  th o s e  
th a t  h a v e  b e e n  identified  by the ir  inability to  a c c u ra te ly  s im u la te  
t h e  e x p e r im e n ta l  re s u l ts .
An im p o rtan t  rea c t io n  p a th w a y  in c h lo r in a te d  m e th a n e  
c o m b u s t io n  is th e  fuel initiation s e q u e n c e .  T h e re  is very  little 
e x p e r im e n ta l  d a t a  a v a i la b le  for t h e s e  fuel d e p le t io n  re a c t io n s .
O th e r  im p o rtan t  p a th w a y s  a r e  th e  c h lo ro m e th a n e  rad ica l re a c t io n s ,  
a n d  th e  ra d ic a l- ra d ic a l  re c o m b in a t io n  r e a c t io n s .
F o r  c a r b o n  te t ra c h lo r id e  fu e ls  th e  m o s t  im p o rtan t  re a c t io n s  in 
o rd e r  of im p o r ta n c e  a re :
1 . CCI4 -  CCI3 + Cl, R eac tion  (261). This is th e  m o s t  im portan t 
c a r b o n  te t r a c h lo r id e  fuel initiation re a c t io n .  High t e m p e r a tu r e  r a te  
d a t a  for th is  rea c t io n  c a n  a ls o  help  d e te r m in e  th e  th e rm a l  stability  
of c a rb o n  te t ra c h lo r id e  a t  h igh te m p e r a tu re s .  T his  in fo rm ation  
co u ld  he lp  in a s s e s s in g  th e  p o ten tia l  for c a rb o n  te t ra c h lo r id e  to 
e x is t  in th e  p o s t- f la m e  reg ion , a n d  th e re b y  h e lp  d e te rm in e  th e  
feas ib ili ty  of b r e a k th ro u g h  into th e  p o s t - f la m e  reg ion .
1 63
2 . CCIa + CCI3  -  p ro d u c ts .  T h e s e  a re  im portan t recom bina tion  
r e a c t i o n .
3. CCI3  + CH 3  -  p ro d u c ts .  Additional reco m b in a t io n  re a c t io n s  th a t  
a r e  im p o rtan t  in a  m e th a n e  e n v iro n m en t.
4. CCI3  + OCI -  CCI2 O  + Ct2 , R eac tion  (279). T his  reac tion  will
d e te rm in e  how  m uch  of th e  CCI3  rad ica l will ox id ize , th u s  rem oving
it from th e  re c o m b in a t io n  p a th w a y s .  T his  rea c t io n  a ls o  c o n tr ib u te s  
to  p h o s g e n  form ation .
5. CCI3  + CHCI2  -  p roducts . R ecom b ina tion  reac t io n s .
6 . CCI3  + CH3 CI -  p roducts .  R ecom b ina tion  reac t io n s .
F o r  d ic h lo ro m e th a n e  fu e ls  th e  m o s t  im p o rtan t  r e a c t io n s  in 
o rd e r  of im p o r ta n c e  a re :
1 . CH 2 CI2  + Cl -  CHCI2  + HCI, R eac tion  (239). T h e  p re fe rred  
re a c t io n  for d ic h lo ro m e th a n e  d e p le t io n .
2 . CH 2 CI2  -  C H 2 CI + Cl, R eac tion  (234). A c o m p e tin g  p a th w ay  for 
d ic h lo ro m e th a n e  d e p le tio n .  T his  rea c t io n  will a ls o  d e te rm in e  if 
d ic h lo ro m e th a n e  is therm ally  s ta b le  a t  th e  h igh t e m p e r a tu r e s  found  
in a  p o s t- f lam e  reg ion , a n d  help  a n s w e r  s o m e  of th e  q u e s t io n s  
re g a rd in g  d ic h lo ro m e th a n e  b re a k th ru .
3. Cl + CHCI2  -  CCI2  + HCI, R eac tion  (275). This reac tion  will 
d e te rm in e  th e  ra te  a t  w hich th e  CHCI2  rad ical pool will b e  d e p le te d ,  
th u s  d e te rm in in g  how  m u ch  C 2  fo rm ation  will o c c u r  d u e  to rad ical 
r e c o m b in a t io n .
4 . C H O 2  + CHCI2  -  p rodu c ts .  T h e  m o s t  im portan t rad ical 
re c o m b in a t io n  r e a c t io n s  for th e  d ic h lo ro m e th a n e  s y s te m .
5. C H 3  + CHCI2  -  p ro d u c ts .  Im portan t recom b ina tion  re a c t io n s  in a  
m e th a n e  e n v iro n m e n t .
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O th e r  im p ortan t  re a c t io n s  in o rd e r  of im p o r ta n c e  a re :
1 . CH 4  + Cl -  CH 3  + HCI, R eac tion  (125). T he  m o s t  im portant 
m e th a n e  initiation reac t io n  in a  ch lo r in e  e n v iro n m en t .  This 
reac t io n  a ls o  d e p le te s  th e  h y d ro g en  rad ical pool, w hich c a n  block 
c h a in  b ra n c h in g  re a c t io n s .
2 . C H 3  + Cl -  CH 2  + HCI, R eac tion  (131). This reaction  d e te rm in e s  
th e  ra te  of m e th a n e  rad ica l d e p le tio n  a n d  th e re fo re  th e  a m o u n t  of 
m e th a n e  rad ica l av a i la b le  for rec o m b in a t io n  to C 2 *s.
3. CH 3  + CI2  -  CH 3 CI + Cl, R eac tion  (134). This reac tion  m o v e s  non- 
h a z a rd o u s  h y d ro c a rb o n s  from th e  m e th a n e  reac t io n  s e q u e n c e  to the  
c h lo r in a te d  m e th a n e  reac t io n  s e q u e n c e ,  th e re b y  c re a t in g  m ore  
h a z a r d o u s  m a te r ia ls .
S o m e  re a c t io n s  h a v e  b e e n  identified a s  hav ing  p o o r  ra te  d a ta  
by c o m p a r in g  c a lc u la te d  s p e c i e s  p rofiles  to e x p e r im e n ta l  s p e c i e s  
profiles. T h e s e  re a c t io n s  in o rd e r  of im p o r tan c e  a re :
1. C 2 H 2  + Cl -  C 2 H + Cl, R eac tion  (154). This reac tion  o v e rp red ic ts  
th e  r a te  of a c e ty le n e  d ep le tio n .  T h e  c a lc u la te d  a c e ty le n e  profiles 
w e re  c o n s is te n t ly  b e lo w  ex p er im e n t .  T his  sh o u ld  b e  a  key  reac tion  
in so o t in g  f la m e s ,  s in c e  it limits th e  availab ility  of a c e ty l e n e  for 
s o o t  n u c le a t io n  a n d  g row th .
2 . CCI3  + CH 2 CI -  p ro d u c ts .  T h e s e  r e a c t io n s  o v e rp red ic t  th e  
reco m b in a t io n  ra te  for R e a c t io n  (313). T h is  s u g g e s t s  th a t  th e  
e s t im a te d  ra te  for R eac tio n  (B-2) in T ab le  3 -5  is too  la rge .
3. CIHO + CHCI2  -  OH + CHCI3 , R eaction  (258). This reaction  
o v e rp re d ic ts  th e  fo rm ation  r a te  of ch lo ro fo rm . This s u g g e s t s  th a t  
th e  e s t im a te d  ra te  for R e a c t io n  (A-8 ) in T ab le  3 -4  is too  la rg e .
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5 .1 .  APPLICATIO NS TO QUASI-GLOBAL KINETICS
An im portan t  u s e  of th e  num erica l re su l ts  w a s  foun d  to  b e  
th e ir  u s e  in fo rm ulating  a  g loba l reac tion  s c h e m e .  This w a s  m a d e  
p o s s ib le  d u e  to  th e  r ic h n e s s  of inform ation in th e  c o m p u te r  m odel 
th a t  is no t  av a i la b le  from th e  e x p e r im e n ta l  d a ta .  Not only a r e  
rad ica l s p e c i e s  p rofiles p red ic te d ,  bu t  s o  too  a r e  th e  s p e c i e s  
g e n e ra t io n  a n d  d e s tru c t io n  r a te s  by reac tion , a n d  th e  n e t  ra te  of 
fo rm ation  of e a c h  s p e c i e s  a s  a  function of position  in th e  flam e.
B a s e d  on  a  reac t io n  ra te  a n a ly s is  of th e  re su l ts  for th e  c a rb o n  
te t r a c h lo r id e  f la m e s ,  a  p re lim inary  g lo b a l  re a c t io n  m e c h a n is m  h a s  
b e e n  d e v e lo p e d .  This m ec h a n ism  is g iven  in T ab le  5-1, a n d  a  
s c h e m a t ic  r e p re s e n ta t io n  of th e  m e c h a n ism  is sh o w n  in F ig u re  5-1. 
T h e  m e c h a n is m  c o n ta in s  tw enty  o n e  re a c t io n s  a n d  n in e te e n  s p e c ie s .  
Five of th e  p ro p o s e d  re a c t io n s ,  (G-1 th ro u g h  G-5), a re  global 
re a c t io n s ,  th a t  r e p r e s e n t  th e  oxidation of th e  rad ic a ls  C H 3  a n d  CCI3 , 
a n d  th e  oxidation  of a c e ty le n e  a n d  th e  ch lo r in a ted  a lk y n es .
R e a c t io n s  G -10 , G - 1 2  a n d  G -1 3 a re  co m p lex  first o rd e r  re a c t io n s  
with th e  fo rw ard  r a te  c o n s t a n t  of th e  e le m e n ta r y  rad ica l 
re c o m b in a t io n  s t e p  of th a t  rea c t io n .  T h e  rem a in in g  th ir tee n  
r e a c t io n s  a r e  re v e rs ib le  e le m e n ta ry  r e a c t io n s  with th e  s a m e  
fo rw ard  ra te  c o n s t a n t  a s  in th e  d e ta i le d  m e c h a n ism .
T h e  re a c t io n s  in th is  q u a s i-g lo b a l  reac t io n  s e t  a r e  t h o s e  found  
to  b e  th e  im portan t  r e a c t io n s  b a s e d  on  th e  f lam e  s im u la t io n s . T he  
ox ida tion  of CCI3 , reac tio n  G -2, w a s  no t found  to b e  im p ortan t  in 
s to ich io m e tr ic  o r  fuel-rich  f la m e s ;  h o w e v e r ,  a t  a n  e q u iv a le n c e
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T ab le  5-1 . T h e  q u as i-g lo b a l  reac tion  m e c h a n ism  for CCI4  
c o m b u s t io n  in a  m e th a n e /a i r  en v iro n m en t.  T h e  fo rw ard  reac tio n  
ra te  c o n s ta n t  p a r a m e te r s  a r e  g iven  for r e a c t io n s  G - 6  th ro u g h  G - 2 1 .
GLOBAL REACTIONS
(G-1) CH3  + 0 2  +C1------ > CO + H20  + HCI
(G-2) CCI3  + O  > CO + C l 2  + C l
(G-3) C2 H2  + 0 2  ----- > 2 0 0  + H2
(G-4) C2 HCL + 0 2  ------ > 2 0 0  + C l + H
(G-5) C2 C12  + 0 2 ------ > 2 0 0  + 2C1
REVERSIBLE REACTIONS
(G - 6 ) CH4  ----- > CH3  + H 1.60E +2 - 3 .9 7 104077
(G-7) c h 4  + H — ->  c h 3  + h 2 5 .47E + 07 1 .9 7 11207
(G -8 ) CH4  + OH - — > CH3  + H20 1 .60E + 0 2 . 1 2462
(G-9) CH4  + C l - — > CH3  + HCI 5 .01E + 13 0 3901
(G -10) C2 H2  + 2H2 ----- > CH3  + CH3 2 .20E + 35 - 5 . 9 93908
(G—11) CC14 ----- > CC13  + C l 2 .50E + 15 0 70000
(G-12) CC13  + CH3 ----- > C2 C12  + 2HC1 1.00E + 13 0 0
(G-13) CC13  + CC1 3  > C2 C12  + 2C12 1 .00E + 13 0 0
(G-14) CO + OH — - >  C02  + H 4 .40E + 06 1 .5 -7 4 8
(G-15) C l + h 2  — ->  HCI + H 2 .80E + 13 0 4680
(G -16) H2  + OH — ~ >  H + H20 5 .20E + 13 0 6453
(G-17) 0  + HCI — - >  OH + C l 3 .16E + 13 0 6700
( 0 1 8 ) OH + HCI - — > h2o  + C l 1 .58E + 13 0 1 0 0 0
(G -19) H20  + 0  — - >  OH + OH 1.51E + 10 1 .1 4 17701
(G -20) h 2  + 0 ----- > H + OH 1.50E + 07 2 . 0 7553
(G -21) H + 0 2  — > O + OH 1.23E + 17 - 0 .9 1 16599
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Fig u r e  5 - 1 .  A q u a s i - g l o b a l  r e a c t i o n  s c h e m e  s h o w i n g  t h e  fue l
I n i t i a t i o n  r e a c t i o n s ,  o x i d a t i o n  r e a c t i o n s ,  and  r a d i c a l  
r e c o m b i n a t i o n  r e a c t i o n s .  The  e i g h t  e l e m e n t a r y  
r e a c t i o n s  G - 1 4  t h r o u g h  G-21  a r e  a l s o  sh o w n .
CH CC1
-  H + Cl,  H, OH -  Cl
--------------------  Ch 3 — » ------------ ---------------* —  CC 3 ---------------------
♦ c h 3 GLOBAL -2HC1 GLOBAL +CC1-
C2H2 CO + H20 + HCI CH2C1
GLOBAL
t
2C0  + H2
GLOBAL
▼
2 C 0  + Cl + H
CO + C12 + Cl C2C12 
GLOBAL
*
2C0  + 2C1
ELEMENTARY REACTIONS
( G - 1 4 ) CO + OH = C02 ♦ H ( G - 2 0 )
Xiio+NX + OH
( G - 1 5) Cl + H2 = HCI + H ( G - 2 1 ) H + 0 2 = 0 + OH
( G - 1 6) H2 + OH = H + H20
( G - 1 7 ) 0 + HCI = OH + Cl
(G-1B) OH + HCI = H20  + Cl
( G - 1 9 ) H20 + 0 = OH + OH
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ratio of 0 .7 5 , for C I/H -0 .3 2 , ox idation  b e c o m e s  m o re  im po rtan t  a s  a  
d e s tru c t io n  m e c h a n ism . For th is  c a s e  CCI3  ox idation  w a s  found  to 
a c c o u n t  for 2 0 %  of th e  n e t  CCI3  d ep le tio n . T h e  e le m e n ta ry  r e a c t io n s  
ta k e n  from th e  h y d ro g en -o x y g e n  s e t ,  r e a c t io n s  G -14 , G -1 6, G -1 9, G- 
2 0 , a n d  G-21 a r e  in te res ting ly  e n o u g h ,  th e  five b inary  r e a c t io n s  
found  in th e  E d e lm a n  q u as i-g lo b a l  m odel of a  h y d ro ca rb o n  sy s te m , a s  
r ep o r te d  by Dryer a n d  G la s s m a n  (1978).
T h e  e le m e n ta ry  H/CI/O re a c t io n s ,  G -1 5, G -1 7, a n d  G -1 9, w e re  
a ls o  identified from th e  reac tion  ra te  a n a ly s is .  T h e s e  th re e  
re a c t io n s  w e re  p o s tu la te d  by B o se  a n d  S e n k a n  (1983) a s  im portan t  
r a d ic a l - s c a v e n g in g  re a c t io n s ,  a n d  a re  th r e e  of th e  six rad ica l-  
s c a v e n g in g  re a c t io n s  p ro p o s e d  in th e  q u a s i-g lo b a l  s c h e m e  by  th o s e  
a u th o r s .
T h e  rad ica l oxidation  r e a c t io n s  G-1 a n d  G -2, c o m p r is e  th e  
s e c o n d  s te p  in a  th re e  s te p  g lobal m e c h a n is m  for fuel d ep le tio n  of 
C H 3  a n d  CCI3  respec tive ly . T hough  th re e  s te p  rea c t io n s  h a v e  b e e n  
u s e d  p rev ious ly , th e  u s e  of rad ica l in te rm e d ia te s  in g loba l s c h e m e s  
h a s  not. Having rad ical in te rm e d ia te s  in th e  g lobal m e c h a n is m  
s e r v e s  th r e e  im p o rtan t  p u r p o s e s .
First, e le m e n ta ry  fuel d e p le tio n  re a c t io n s  c a n  b e  u s e d  in s te a d  
of rely ing on only g lobal re a c t io n s  for fuel d ep le tio n .  Along with th e  
u s e  of e le m e n ta ry  ch a in  b ran c h in g  re a c t io n s ,  th e  p r o p o s e d  g lobal 
s c h e m e  sh o u ld  b e  a b le  to  p red ic t  low er a n d  u p p e r  f lam m ability  
limits th a t  c a n n o t  b e  d o n e  using  c u rre n t  g loba l m e th o d s .  T h e re  is 
a ls o  a n  u p p e r  limit on  th e  ch lo r in e  loading  for which a  flat f lam e  c an  
p r o p a g a te  itself. This h a s  b e e n  s e e n  ex perim en ta lly  b y  S e n s e r  
(1985), a n d  w a s  found  in f lam e s im u la tio n s  h e re .  U sing  ra d ic a ls  a s
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in te rm e d ia te s  in th e  g loba l s c h e m e  m ay  allow  for th is  b e h a v io r  to 
a ls o  b e  p red ic te d .
S e c o n d ,  inco rpo ra tio n  of t h e s e  ra d ic a ls  p e rm its  th e  u s e  of 
rad ica l  re c o m b in a t io n  re a c t io n s  a n d  Cz fo rm ation , w hich  is 
im p e ra t iv e  w h e n  m odeling  CCI4  f lam es .  Third, th e  ra d ic a ls  allow 
for fu r the r  e x p a n s io n  of th e  g lobal s c h e m e  to inc lude  o th e r  
im p o rtan t  s t a b le  in te rm e d ia te s  s u c h  a s  CH 3 CI a n d  CHCI3 , w hich  were 
fo u nd  to  b e  fo rm ed  via th e  radical in te rm e d ia te s  CH 3  a n d  CCI3 .
If m o re  d e ta il  is w a r ra n te d  th e  g iv en  q u a s i -g lo b a l  m e c h a n is m  
is e a s i ly  e x p a n d e d .  D epletion  of th e  s ta b le  in te rm e d ia te s  C H 3 CI a n d  
C H C I 3  c a n  a ls o  b e  r e p r e s e n te d  with th re e  s t e p  m e c h a n is m s .
Fo rm ation  of t h e s e  s p e c ie s  is a c c o m p lish e d  a s  e x p la in e d  a b o v e .  A 
richer r e p re s e n ta t io n  of th e  C 2  c h em is try  c a n  a ls o  b e  o b ta in e d  using  
th e  rad ica l in te rm e d ia te s .  Specifically , C 2 H 4 , C 2 CI4 , a n d  H C 2 H 2 CI2 
cou ld  b e  a d d e d  to  th e  m e c h a n ism , a s  well a s  th e  n e c e s s a r y  
e le m e n ta r y  re a c t io n s  re q u ire d  for the ir  fo rm ation  a n d  d e p le t io n .  
E le m e n ta ry  re a c t io n s  cou ld  a ls o  b e  u s e d  for th e  rad ica l 
re c o m b in a t io n  re a c t io n s ,  in p la c e  of th e  p r o p o s e d  first o rd e r  
c o m p le x  r e a c t io n s .
It is e x p e c te d  th a t  e v e n  th o u g h  th e re  a r e  n in e te e n  s p e c ie s  in 
th e  q u a s i -g lo b a l  s c h e m e  g iven  in T a b le  5-1 , th is  m e c h a n is m  will 
p ro v e  to b e  a  t ra c ta b le  s e t  for la rg e r  c o m b u s tio n  c o d e s .  T h e  sm all 
n u m b e r  of re a c t io n s  will h e lp  p re v e n t  u n d u e  s t i f fn e s s  in th e  
re a c t io n  te rm s ,  a n d  th e  n o n lin e a r i t ie s  in th e  re a c t io n  r a te  te rm s  
sh o u ld  no t p re v e n t  rap id  c o n v e rg e n c e .
T h e  g lobal re a c t io n s  a r e  all a s s u m e d  to b e  first o rd e r  in e a c h  
s p e c i e s
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r G 1 “  kG l *  tCH3) * I°2 l * lC'l *
R G 2  "  kG 2  * ICCI3l * [03 ■
R G 3  "  kG 3  * tC 2 H23 * f°23 1 
R G 4  “  kG 4  * [C 2 HC,J * E02 ] , 
a n d  R G 5  -  kG 5  ‘ (C 2 CI2l '  t ° 2 ) ■
To c a lc u la te  th e  ra te  c o n s ta n t s  for re a c t io n s  G -1  th ro u g h  G-5,
th e  reac tio n  ra te  a n a ly s is  c a n  a g a in  b e  u se d .  T h e  ra te  c o n s ta n t  for
reac tion  G-1 c a n  b e  o b ta in e d  in a  m a n n e r  a n a lo g o u s  to  th e  m ethod
u s e d  for se t t in g  g lobal r a te s  by Arnowitz, e t  al (1979).
Spec if ica lly , th e  e x p e r im e n ta l ly  d e te r m in e d  n e t  r e a c t io n  r a t e s  m ay
b e  u s e d  to infer th e  g lobal ra te  c o n s ta n t s ,  o r th e  n e t  reac tion  r a te s
m ay  b e  o b ta in e d  from  th e  c o m p u ta t io n a l  so lu tion .
For e x a m p le ,  CH 3  oxidation ra te  is o b ta in e d  a s  a  function of
te m p e ra tu re .  T his  oxidation  ra te  is c a lc u la te d  from th e  C H 3
d e p le t io n  r a te  d e te rm in e d  from  th e  c o m p u ta t io n a l  r e s u l ts  a s  
[CH^ oxidation rate] -  lC H 3  d ep le tio n  rate]
- [CHg d e p le te d  to form CH 4 ]
- [CH3  d e p le te d  to form C 2 Hg] ;
w h e r e  [CH3  oxidation rate] -  r q v  th e  ne t  o x ida t 'on  r a t e - O n c e
th e  C H 3  ox idation  ra te  is know n, th e  r a te  c o n s ta n t  c a n  b e  c a lcu la te d  
a s
[CH3  oxidation rate]
[CH3 ] [ 0 2 ] [Cl]
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T h e  s p e c i e s  c o n c e n tra t io n s  for O 2  a n d  Cl a re  a ls o  o b ta in ed  from th e  
c o m p u ta t io n a l  so lu t io n .
T h e  r a te  c o n s ta n t s  a re  c a lc u la te d  a t  e a c h  grid po in t in e a c h  
num erica l  s im ula tion . A s th e  s im u la tio n s  a re  m a d e  o v e r  a  w ide  
r a n g e  of s to ic h io m e tr ie s  a n d  Cl/H ra t io s ,  g lobal ra te  c o n s t a n t s  o v e r  
th is  r a n g e  of fuel co n d it io n s  will b e  tab u la te d .  A g ro u p  of ra te  
c o n s ta n t s  is c a lc u la te d  in th is  w a y  for e a c h  g loba l  reac tion . T h e  
ra te  c o n s ta n t s  for e a c h  reac tion  a r e  th e n  fit to a n  A rrhen ius  ty pe  
function  for u s e  in th e  g lobal m e c h a n ism . If first o rd e r  k ine tics  
c a n n o t  a d e q u a te ly  c o r re la te  th e  ra te  c o n s ta n t s  for a n y  of th e  global 
r e a c t io n s ,  h ig h e r  o rd e r  k ine tics  m ay  b e  tried.
O n c e  th e  en tire  q u as i-g lo b a l  reac tion  s c h e m e  h a s  b e e n  
fo rm u la ted ,  it sh o u ld  b e  t e s te d  in th e  flat f lam e  p ro g ram  to 
d e te rm in e  the  a c c u ra c y ,  stability, a n d  s p e e d  of c o n v e r g e n c e  of th e  
m e c h a n ism . U pon su c c e s s fu l  te s tin g  of th e  m e c h a n is m  a g a in s t  th e  
e x p e r im e n ta l  flat f la m e s ,  a  q u a s i -g lo b a l  m e c h a n is m  for th e  
ox idation  of c a rb o n  te t rac h lo r id e  in a  m e th a n e  a n d  air  e n v iro n m en t  
will h a v e  b e e n  d e v e lo p e d .  T h e s e  q u as i-g lo b a l  k ine tics  will th e n  b e  
a v a i la b le  for a p p lic a t io n  in pilot s c a l e  a n d  full s c a l e  in c in e ra to r  
m o d e ls  a n d  s im u la t io n s .
6 . R EC O M M EN D A TIO N S
B a s e d  on  th e  re su l ts  of th is  p ro jec t,  s e v e ra l  re c o m m e n d a t io n s  
a r e  m a d e .  T h e  reaction  m e c h a n ism  n e e d s  to b e  e x p a n d e d  to include 
m o re  re a c t io n s  in th e  c h lo r in a te d  C 2  sy s te m . T h e  c o m p le te  s e t  of
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e le m e n ta ry  re a c t io n s  in T ab le  3 -5  sh o u ld  b e  s u b s t i tu te d  for th e  
s in g le  c o m p lex  reac tio n  cu rren tly  be ing  u se d .  C 2  ox ida tion  
r e a c t io n s ,  w hich  a re  n o t  in th e  c u r re n t  m e c h a n ism , sh o u ld  a ls o  b e  
inc luded . An effort m u s t  a lso  b e  m a d e  to e x te n d  th e  m e c h a n is m  to 
C 3  a n d  h igher  c a rb o n  s p e c ie s .  This effort sh o u ld  ultim ately  lead  to 
c h lo r in a te d  a ro m a tic  fo rm ation  a n d  ev en tu a l ly  dioxin a n d  PC B  
fo rm atio n  a n d  d e s t ru c t io n .
M ore  ex p er im en ta l  ra te  d a ta  a r e  n e e d e d .  T h e  re a c t io n s  
identified  in S ec tio n  5 sh o u ld  b e  s tu d ie d  to  d e v e lo p  a c c u ra te ,  high 
t e m p e r a tu r e  r a te  d a ta  for t h o s e  r e a c t io n s .
T h e  p o ten tia l  for c h lo r in a te d  m e th a n e  b re a k th ro u g h  into the  
p o s t- f la m e  reg ion  sh o u ld  b e  e v a lu a te d .  High te m p e r a tu re  th e rm al 
stability  s tu d ie s  of th e  c h lo r in a te d  m e t h a n e s  sh o u ld  b e  p e rfo rm ed . 
T h is  will h e lp  d e te rm in e  if t h e s e  s p e c i e s  c a n  e x is t  in th e  p o s t ­
f lam e  reg ion . A lte rn a te  sam p ling  te c h n iq u e s  sh o u ld  b e  u s e d  to 
d e te rm in e  w h a t  im p ac t th e  sam p lin g  te c h n iq u e  h a s  on  th e  
b re a k th ro u g h  p rob lem . N on-in trus ive  m e a s u r e m e n t  t e c h n iq u e s  for 
o n e  o r  m o re  of th e  ch lo r ina ted  m e th a n e s  w ou ld  b e  p re fe rred .
T h e  g lobal reac tio n  s c h e m e  for CCI4  c o m b u s tio n  in a  
m e th a n e /a i r  e n v iro n m e n t  sh o u ld  b e  c o m p le te d  u s ing  th e  m e th o d  
d e s c r ib e d  in C h a p te r  5.
T h e  ten  s im u la t io n s  p e rfo rm e d  in th is  w ork p ro v id e  a  b ro a d  
b a s e  of r e su l ts  from w hich  c h a n g e s  to th e  m e c h a n is m  c a n  b e  
e v a lu a te d .  C h a n g e s  to  th e  m e c h a n ism  c a n  b e  m a d e ,  a n d  th e  resu lts  
of s im u la tions  u s in g  th e  n ew  m e c h a n is m  c a n  b e  c o m p a r e d  to th e  
re su l ts  using  th e  p rev io u s  m e c h a n ism . In th is w ay , th e  m e c h a n is m  
c a n  b e  im proved  by te s tin g  a n d  th e n  incorpora ting  n ew  re a c t io n s  a n d
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or ra te  c o n s ta n ts .  T h e s e  n ew  rea c t io n s  c a n  c o m e  from o th e r  
r e s e a r c h e r s ,  e x p e r im e n ta l  d a ta ,  o r  by  n e w  e s t im a te s  of reac tio n  
ra te s .  T he  b a s e  of d a ta  c a n  a ls o  b e  u s e d  to identify im portan t 
r e a c t io n s  for w hich  ra te  d a t a  a r e  n e e d e d .
O n e  s e t  of new  reaction  d a ta  h a s  b e e n  d e v e lo p e d  by C h a n g  a n d  
S e n k a n  (1988), w ho  p r e s e n t  c a lc u la te d  fo rw ard  r a te  c o n s t a n t s  for 
s o m e  of th e  im portan t  re a c t io n s .  Inc luded  a r e  c a lc u la te d  ra te  
c o n s ta n t s  for R e a c t io n s  (248), (261), (307), (309), a n d  (310). T h e s e  
reac t io n  r a te  c o n s ta n t s  sh o u ld  b e  t e s te d  to d e te rm in e  w h a t  im p act 
th e y  will h a v e .
T h e  p ro g ram  c a n  b e  im proved  so  th a t  l e s s  c o m p u te r  tim e is 
req u ired  for e a c h  sim ulation . Two m e th o d s  a re  r e c o m m e n d e d .  First, 
th e  su b ro u tin e  CKRAT sh ou ld  b e  vecto rized . This c a n  b e  d o n e  by 
rewriting th e  su b ro u t in e  a s  d e s c r ib e d  in C h a p te r  2. S e c o n d ly , th e  
c o m p u ta t io n a l  te c h n iq u e  of o p e ra to r  splitting c a n  b e  invoked  [Dixon- 
Lewis, 1984]. T his  m e th o d  of so lu tion  s o lv e s  a  s p e c i e s  c o n se rv a t io n  
e q u a t io n ,  a n d  im m edia te ly  u s e s  th o s e  re su l ts  in th e  so lu tio n  of th e  
s u b s e q u e n t  c o n se rv a t io n  e q u a t io n s .  T h e  c u r re n t  so lu tion  te c h n iq u e  
only u s e s  th e  re su l ts  from th e  p rev io u s  ite ra tion  to  s o lv e  for all of 
th e  c o n se rv a t io n  e q u a t io n s  in th e  c u rre n t  ite ra tion . T h e  v a lu e s  
o b ta in e d  in th e  c u rre n t  ite ra tion  a r e  not u s e d  until th e  nex t  
ite ra tion . O p e ra to r  splitting u s e s  th e  n ew  v a lu e s  o b ta in e d  in an  
i te ra tion  im m ed ia te ly ,  a n d  d o e s  no t w ait for th e  n ex t  ite ra tion  to 
u s e  th e  n ew  v a lu e s .
T h e  p ro b lem  with th is  te c h n iq u e  is th a t  it d o e s  no t a lw a y s  
c o n v e rg e .  T he  a d v a n ta g e  is th a t  c o n v e r g e n c e  is rapid  w h e n  it is 
o b ta in e d .  C om bin ing  bo th  of t h e s e  te c h n iq u e s ,  th e  c u r re n t  so lu tion
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t e c h n iq u e  a n d  o p e ra to r  splitting, cou ld  le a d  to  p ro g ra m s  th a t  will 
c o n s is te n t ly  c o n v e rg e ,  b u t  ta k e  m u ch  le s s  c o m p u te r  t im e  th an  th e  
c u rre n t  m e th o d . An e x a m p le  of how  t h e s e  two te c h n iq u e s  c a n  b e  
c o m b in e d  into o n e  p ro g ra m  is to  u s e  o p e ra to r  splitting until 
c o n v e rg e n c e ,  or until d iv e rg e n c e  is d e te c te d .  W h e n  a  d iverg ing  
so lu tion  is e n c o u n te re d ,  g o  b a c k  to  th e  old so lu tion  te c h n iq u e  a n d  
so lv e  for a  p r e s e t  n u m b e r  of i te ra tions. T h en , invoke th e  o p e ra to r  
splitting t e c h n iq u e  a g a in  until th e  so lu tion  c o n v e r g e s  o r  d iv e rg e n c e  
is a g a in  d e te c te d .  R e p e a t  th is  p ro c e s s ,  a lte rn a tin g  b e tw e e n  th e  old 
a n d  n ew  so lu tion  te c h n iq u e s ,  until c o n v e r g e n c e  is r e a c h e d .
Finally, a  m e th o d  of c o n se rv in g  e le m e n ts  in th e  inlet b o u n d a ry  
condition  n e e d s  to b e  im p lem en ted . This is only n e c e s s a r y  for the  
s im u la tio n  of highly s ta b i l iz e d  f la m e s ,  w h e r e  th e  d iffusion  te rm  in 
th e  b o u n d a ry  cond ition  is la rge . It is th is d iffusion term  th a t  c a u s e s  
th e  lack of e le m e n ta l  c o n se rv a t io n  in t h e s e  f la m e s .  E le m e n ta l  
c o n s e rv a t io n  sh o u ld  b e  m a in ta in e d  by forcing th e  b o u n d a ry  cond ition  
to h a v e  th e  s a m e  e le m e n ta l  m a k e -u p  a s  th e  fuel.
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Appendix  A. T h e  CHEMKIN input file u s e d  in th e  simulat ions .
T h e  CHEMKIN input file, sh o w n  in T ab le  A-1, h a s  th re e  p a rts .  
T h e  first p a r t  lists th e  e le m e n t s  th a t  will b e  in c lu d ed  in th e  
m e c h a n ism . T he  s e c o n d  lists th e  s p e c ie s  to b e  included , a n d  the  
th ird  se c t io n  lis ts  th e  rea c t io n  m e c h a n is m  with th e  a s s o c i a t e d  
fo rw a rd  r a te  c o n s ta n t .
T h e re  is no part icu la r  fo rm at in w hich  th e  d a ta  m u s t  b e  input. 
E ac h  sec tion  m u s t  s ta r t  with th e  keyword, ELEM ENTS, S P E C IE S , or 
REACTIONS, a n d  e n d  with END. T h e  listed i tem s m ust a lso  b e  
s e p a r a t e d  by a  b lank. T he rea c t io n s  a re  e n te r e d  o n e  to  a  line, with 
th e  rea c t io n  follow ed by th e  fo rw ard  ra te  c o n s ta n t  p a r a m e te r s .  T h e  
only spec if ica tion  is th a t  a  b lan k  s p a c e  m u s t  s e p a r a t e  e a c h  item. 
Any m e th o d  of inputting th e  nu m eric  d a ta  is a c c e p ta b le .  E ach  
reac tion  m u s t  c o n ta in  th e  p ro d u c ts  on  th e  left h a n d  s id e  a n d  th e  
r e a c ta n ts  on th e  right h a n d  s id e . P ro d u c ts  a n d  r e a c ta n ts  a r e  
s e p a r a t e d  by a n  e q u a l  s ign  for rev e rs ib le  rea c t io n s ,  a n d  by a  m inus  
s ign  for irrevers ib le  re a c t io n s .  C o m m e n ts  m ay  b e  inc luded  on  th e  
s a m e  line a s  a  reac tio n  by en c lo s in g  th e  c o m m e n t  in p a re n th e s is .
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Appendix A. The CHEMKIN in p u t f i l e  used in  th e  s im u la tio n s .
ELEMENTS 
C H 0 N a  
END
SPECIES
CH4 CH3 H 0 2 H02 H2 OH
H20 0 H202 C2H6 C2H5 CH2 N2
CH30 CH20 CHO CD C2H4 CH C2H2
CH40 0 0 2 C2H3 C2H C2H0
C2H20 a HCL CLHO
oa CH3CL CH2CL CHCL CHQjO CCIO CHCL2
QCL2 CL2 OCL C2H5CL C2H3CL
CH2CL2 C2CL CCL20 CL20
C2H2CL2 C2HCL C2CL2 C2HCL3 CCL2CH2 CCL3
CHCL3 CHCL3CH2 CHCH3CL2 CCL4 C2CL4 C2CL3
END
REACTIONS
CH4=CH3+H 1 . 100E+33 - 5 .9 105150.
02+CH4=CH3+H02 8.320E+13 0 . 55999.
CH4+H=CH3+H2 5.470E+07 1 .970 11207.
CH44OH=CH3+H20 1.600E+06 2 . 1 0 0 2462.
CH4-KXH3+OH 2.130E+06 2 . 2 1 0 6479.
CH4+H02=CH3+H202 2.000E+13 0 . 18000.
CH4+CH3=C2H6+H 7.940E+12 0 . 41501.
CH4+CH3=C2H5+H2 1.000E+12 0 . 24001.
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C2H6=CH3+CH3 2.000E+32 -5 .0 0 0 92225.
C2H6+H=C2H5+H2 5.400E+02 3 .500 5201.
C2H6+0H=C2H5+H20 2.200E+07 1 .900 1133.
C2H6-KX2H5-H3H 3.000E+07 2 . 0 0 0 5115.
C2H6+CH3=C2H5+CH4 3.550E+00 4 .000 8293.
C2H5=C2H4+H 7.000E+25 -4 .1 0 0 42984.
02+C2H5=C2H4+H02 2 . 000E+12 0 . 4859.
C2H5+H=H2+C2H4 1.860E+12 0 . 0 .
C2H54C2H3=C2H44C2H4 3.160E+17 0 . 35600.
MtC2H4=C2H2+H2+M 2.570E+17 0 . 79300.
M+C2H4-C2H3+H4M 2.620E+17 0 . 96558.
C2H4+H=C2H3+H2 1.500E+14 0 . 10284.
C2H4+0H=C2H3+H2O 5.090E+13 0 . 2988.
C2H4OB=CH20+CH3 1.900E+13 0 . 2988.
C2H4-KXH2CHCH2 8.320E+08 1 . 2 0 0 741.
C2H4-KXH3+CHO 7.670E+08 1 . 2 0 0 741.
C2H4+CH3=CH4-K22H3 4.200E+11 0 . 11114.
C2H3=C2H2+H 9.300E+22 -3 .7 0 0 37255.
C2H3+H=H2+C2H2 2.000E+13 0 . 0 .
M+C2H2=H+C2H+M 4.000E+16 0 . 106800.
C2H2KB=C2H+H20 2.700E+14 0 . 15000.
C2H2-KXH2+O0 4 . 100E+08 1 .500 1697.
C2H2+OC2HOH 4.290E+14 0 . 12199.
C2H+H2=C2H2+H 8.000E+12 0 . 2629 .
C2HOH=CH2+O0 7.000E+12 0 . 0 .
C2HQKXHO+00 1.200E+12 0 . 0 .
C2H3+0H=C2H2+H20 2.000E+13 0 . 0 .
C2H3+OC2H2+OH 3.000E+13 0 . 0 . 189
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C 2 H 3 + C H 2 C I K 2 H 4 + C H C L
C 2 H 4 + C L < 2 H 3 + H C L
C 2 H 3 + C H 2 C D = C 2 H 2 + C H 3 C L
C 2 H 3 C L + C H 2 = C 2 H 3 + C H 2 C L
C 2 H 2 + C L f C 2 H + H C L
C 2 H + C H 3 C L = C 2 H 2 + C H 2 C L
C 2  H + C H 2 C L = C 2 H 2  + C H C L
C H 3 C L f C H 3 + C L
C H 3 C L = C H 2 C L + H
C H 3 C L = C H 2 + H C L
C H 3 C L + H = C H 3 + H C L
C H 3 C L + H C H 2 C L + H 2
C H 3 C L + H = C H 4 + C L
C H 3 4 C L H O C H 3 C L 4 0 H
C H 3 C L + 0 H = = C H 2 Q j+ H 2 0
C H 3 + 0 C L = C H 3 C L + 0
C H 3 C L r H > C H 2 C L - + O H
C H 3 + C H 3 C L = C 2 H 6 + C L
C H 3 C L + C H 2 = C H 2 C L + C H 3
C H 3 C L + H 0 2 = C H 2 C L + H 2 0 2
C H 3 C L + 0 2 = C H 2 C L + H 0 2
C H 3 0 i + < 3 > C H 2 C L + H C L
C H 2 C L 4 € U K ) = C H 3 a - K X L
CH2CL-KK3Q>CL+C2H5CL
CH2a+012ClKH2i+CH3CL
C H 2 a ^ H C L = C H 3 C L 4 0 C L
C H 3 + a 0 3 = C H 3 C L + C H C L











5 . 500E+07 
5 . 500E+07 
1.000E+10 
3.160E+12  
1 . 590E+06 









1 . 000E+12 
1 . 000E+12 
1 . OOOE+ll 
1 . OOOE+11
0 . 0 .
0 . 7000.
0 . 0 .
0 . 0 .
0 . 16900.
0 . 0 .
0 . 0 .
0 . 91501.
0 . 103000.
0 . 1 0 0 0 0 0 .
1 .970 1 1 2 0 0 .
1 .9 7 0 1 1 2 0 0 .
0 . 0 .
0 . 0 .
2 . 1 0 0 2459.
0 . 0 .
0 . 6800.
0 . 1 2 0 0 0 .




0 . 0 .
0 . 1 2 0 0 0 .
0 . 0 .
0 . 0 .
0 . 0 .





























l.OOOE+11 0 . 0 .
1.780E+13 0 . 0 .
7.940E+13 0 . 94701.
7.940E+13 0 . 99701.
2.000E+14 0 . 1 0 0 0 0 0 .
1.820E+14 0 . 15100.
1.820E+14 0 . 15100.
1.550E+06 2 .1 3 0 8401.
1.990E+12 0 . 0 .
4.070E+14 0 . 14001.
2 . 820E+34 -5 .9 4 0 42299.
2 . 820E+34 -5 .9 4 0 42299.
5.250E+13 0 . 35999.
5.250E+13 0 . 35999.
6.920E+13 0 . 0 .
6.920E+13 0 . 0 .
7.940E+12 0 . 0 .
7.940E+12 0 . 0 .
1.780E+13 0 . 0 .
3.160E+12 0 . 0 .
2 . 000E+13 0 . 18000.
3.160E+13 0 . 0 .
1.000E+14 0 . 0 .
1 . 000E+14 0 . 0 .
3.160E+13 0 . 0 .
1.820E+16 0 . 30700.
1.000E+15 0 . 25000.







C H 2 L + 0 2 = C H C L C > 0
M+CHCIX>CC>HCL+M


































1 . 990E+12 
2.000E+13  
2.000E+13  












0 . 0 .
0 . 0 .
0 . 3329.
0 . 0 .
0 . 0 .
0 . 0 .
0 . 69601.
0 . 65901.
0 . 0 .
0 . 94701.
0 . 1 0 0 0 0 0 .
0 . 14001.
0 . 0 .
0 . 0 .
0 . 56559.
0 . 56559.
0 . 0 .
0 . 56559.
0 . 56599.
0 . 0 .
1 . 2 0 0 741.
1 . 2 0 0 741 .
1 . 2 0 0 741.











H + C H C L r C H 2 + C L
0240CL2=CL20+00
H4CHCL2CH2CL+CL
HQ2+CL=HCL+02 ( RXN -A 304*)
CLHO+OHCX402 ( RXN A 1 3 0 5 .)
HQ2+CLOH40CL ( RXN B 308*)
HCL+H02=CL+H202 ( RXN B* 309X)
0H+HQ>H2CHCL ( RXN C 31 OX)
(X^HCl^CLHCHCL ( RXN D 311X)
CL-fOQ><HCL2 ( RXN D' 312=)
CL+CIH>OH4CL2 ( RXN E 313=)
OK>+*KH-KX+M { RXN E' 31 4 .)
OHCLOH+CL { RXN E " 316*)





















2 . 000E+12 
1.580E+13  



























0. 1 0 0 0 .






0. 2 40 .
0. 4680.





CH2CL+CHCL2-CCL2CH2+HCL (RXN 2) 1.000E+13 0 . 0 .
CHCL2+CHCL2=C2HCL3+HCL (RXN 3) 1.000E+13 0 . 0 .
CH2CL+CH2CLfC2H3CUHCL (RXN 4) 1.00QE+13 0 . 0 .
CHCL+CHOX2H2CL2 (RXN 5) 1.000E+13 0 . 0 .
CH2CL4CHCL=C2H2CL2+H (RXN 6 ) 1.000E+13 0 . 0 .
CH2 +CHCL2=OCL2CH2+H (RXN 7) 1.000E+13 0 . 0 .
CHCL-KXL2=C2HCL3 (RXN 8 ) 1 . 000E+13 0 . 0 .
CH2+CHCL=C2H3CL (RXN 9) 1 . 000E+13 0 . 0 .
CH3+CHCL2=C2H3CL+HCL (RXN 10) 1 . 000E+13 0 . 0 .
CH3+CH2CD=C2H4+HCL (RXN 11) 1.000E+13 0 . 0 .
C2H30X2H2+HCL (RXN 12) 3.160E+12 0 . 69400.
C2HCL3=C2CL2+HCL (RXN 13) 1.260E+12 0 . 56599.
C2H2CL2=C2HCL+HCL 1.260E+12 0 . 56599.
OCL2CH2=HCL+C2HCL (END ETHENE RXN) 1.260E+12 0 . 56599.
C2CL2+H=C2CL+HCL (START OF C2CL2) 1.000E+14 0 . 0 .
C2CL-KL2=C2CL2KX 1.780E+13 0 . 0 .
C2CL-K32=CCIO+€0 1.00QE+13 0 . 3000.
C2CI2KXI^CCL3+00 5.600E+12 0 . 0 .
C2CL2KXi=<HX2+00 1.780E+13 0 . 0 .
C2CL-KXHO-C2CL2+OH 1.780E+13 0 . 0 .
C2CL2-KXXHOCL2 (EM) C2CL2) 4 . 100E+08 1 .5 1697.
C2HCL+H=C2H+HCL (START OF C2HCL) 1.000E+14 0 . 0 .
C2H+CL2=C2HCL-KX 1.780E+13 0 . 0 .
C2HO+OCL<HX2-KX> 5.600E+12 0 . 0 .
C2Ha+Oi=CH2CL+00 1.780E+13 0 . 0 .
C2H+OiK>C2Ha+OH 1.780E+13 0 . 0 .
C2HOrK>OCHCHCL (EM) C2HCL) 4.100E+08 1 .5 1697.
CH2CL2=CHCL+HCL (CH2CL2 DECOMPOSITION) 3.200E+13 0 . 1 0 0 0 0 0 .
CH2CL2=CH2CL+CL 2.500E+15 0 . 83400.
CH2CL2=CHCL2+H 1.100E+33 - 5 .9 105150.
H+CH2CL2=CHCL2+H2 5.470E+07 1 .970 11207.
H+CH2CL2=CH2CL+HCL 5.470E+07 1 .970 11207.
H4CH2CL2=CH3CL4CL 1.000E+10 0 . 0 .
CL+€H2CL2=CHCL2+HCL 3.470E+13 0 . 3100.
CL+CH2CL2=CH2CL+CL2 1.000E+14 0 . 2 1 0 0 0 .
Q+CH2CL2=OH4CHCL2 1.050E+13 0 . 6795.
CHCH2CL2=CXL+CH2CL 1.050E+13 0 . 6795.
0H+CH2CI2=H2CHCHCI2 1.590E+06 2 . 1 0 0 2457.
CLHCH<^CI^OH-H2H2CL2 3.200E+12 0 . 0 .
02KH2CL2=H02+CHCL2 8.300E+13 0 . 56000.
H02 +CH2CL2=H202+CHCL2 (EM) CH2CL2) 1.590E+06 2 . 1 0 0 2457.
CHCL3=OCL2+HCL (CHCL3 DECOMPOSITION) 3.200E+13 0 . 1 0 0 0 0 0 .
CHCL3=CHCL2-KX 2.500E+15 0 . 83400.
CHCL3=CCL3+H 1.100E+33 - 5 .9 105150.
HKHCL3=CCL3+H2 5.470E+07 1 .970 11207.
HKm3=CHCL2+HCL 5.470E+07 1 .970 11207.
H-K2HQ3==CH2Gj2+CL 1.000E+10 0 . 0 .
CL+CHCL3-CCL3+Ha 6.900E+12 0 . 3340.
a + a o 3 < m i 2 - K X 2 1.000E+14 0 . 2 1 0 0 0 .
OK3EL3=OH-KTL3 1.000E+13 0 . 5000.
C>KICL3=0a+CHCL2 1.050E+13 0 . 6795.
0HKHCL3=H2OKXL3 1.590E+06 2 . 1 0 0 2457.
OHO+CHCL2=OH-fCHCL3 3.200E+12 0 . 0 .
024CHCL3=H0240CL3 8.300E+13 0 . 56000.
H02KHCL3=H2024CCL3 (END CHCL3) 1 .590E+06 2 . 1 0 0 2457.
OCL4=OCL3+CL (CCL4 DEOCMPQSTICN) 2.500E+15 0 . 83400.
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Appendix B. The thermodynamic d a tab ase  used  in the simulations.
Th e  th e rm o d y n am ic  d a ta b a s e ,  sh o w n  in T ab le  B-1, is in th e  
s ta n d a rd  fo rm at of NASA po lynom ia ls . T h e  first line m u s t  b e  th e  
work THERM O. T he  s e c o n d  line g iv es  th e  te m p e ra tu re s  u s e d  to 
d e n o te  th e  high te m p e ra tu re  ran g e ,  1 000  to  5 0 0 0  K, a n d  th e  low 
te m p e r a tu re  ra n g e ,  3 0 0  to 10 00  K.
T h e  s p e c i e s  inform ation follows. T h e  d a ta  for e a c h  s p e c ie s  
o c cu r  on  four s u c c e s s iv e  lines, which m u s t  b e  n u m b e re d  o n e  th rough  
four in co lum n  80. T h e  first line g iv e s  th e  s p e c i e s  sym bol, followed 
by a  c o m m e n t  a n d  th e n  th e  n u m b e r  of a to m s  of e a c h  e le m e n t  in th a t  
s p e c ie s .  Also on  line o n e  is th e  t e m p e ra tu re  r a n g e  o v e r  which the  
d a ta  c a n  b e  u se d .  T he  n ex t  th re e  l ines  g ive  th e  fo u r teen  polynom ial 
c o e ff ic ien ts  n e e d e d  to c a lc u la te  th e  th e rm o d y n a m ic  p ro p e r t ie s .  T h e  
first s e v e n  c o e f f ic ien ts  a r e  u s e d  to  c a lc u la te  t h e s e  p ro p e r t ie s  
th ro u g h o u t  th e  low er t e m p e ra tu re  ran g e .  T h e  la s t  s e v e n  a re  u s e d  in 
th e  high t e m p e ra tu re  ran g e .
1 99
Table B-1. THE THERCDYNAMIC DATABASE USED IN THE SIMULATIONS.
T H E F M D
3 0 0 . 0 0 0  1 0 0 0 . 0 0 0  5 0 0 0 . 0 0 0  
C C L  J 1 2 / 6 9 C  1 C L  1 0  0 0  OG 3 0 0 . 0 0 0  5 0 0 0 . 0 0 0  1
0 . 4 0 9 8 4 7 2 7 E + 0 1  0 . 5 0 0 7 7 8 4 5 E - 0 3 - 0 . 2 0 0 1 2 8 3 3 E - 0 6  0 . 3 8 6 8 0 9 9 2 E - 1 0 - 0 . 2 5 4 4 1 1 1 3 E - 1 4  2
0 . 5 9 0 7 6 5 9 9 E + 0 5  0 . 3 3 3 7 0 2 0 1 E + 0 1  0 . 3 1 9 5 3 5 5 7 E + 0 1  0 . 2 8 0 7 6 3 1 8 E - 0 2 - 0 . 1 6 0 4 3 8 4 5 E - 0 5  3
- 0 . 5 7 7 4 4 0 6 5 E - 0 9  0 . 6 1 4 0 9 7 3 2 E - 1 2  0 . 5 9 3 2 5 0 7 7 E + 0 5  0 . 8 0 2 2 0 1 9 7 E + 0 1  4
C H 3 C L  U 0 2 / 8 2 C  1 H  3 C L  1  G 3 0 0 .  5 0 0 0 .
0 . 42964840E+01 0 .72823279 E -0 2 -0 . 24146184E-05 0 . 35167869E -09-0. 18373229E-13 
-0 .1 2 2 7 7 125E+05 0.75744039E+00 0.20309391E+01 0.94191283E -02 0.26128046E -05  
- 0 . 7 6565954E-08 0 .3091252I E -1 1 -0 .1 1375641E+05 0.13648781E+02  
CCL2 J12/68C  l a  20 00 OG 300 .000  5000 .000
0 .3 7 1 8 4 999E+01 0 . 53449745E -02-0 . 23431284E-05 0 . 41806177E -09-0. 26765295E-13  
0.27554793E+05 0.96328274E+01 0.28588505E+01 0 .13957938E -01-0 .20038898E -04  
0 . 13500726E -07-0 . 31669715E-11 0.27363926E+05 0 .1 2 2 3 0 161E+02 
CH2CL2 U02/82C 1H 2CL 2 G 3 0 0 .0  5 0 0 0 .0  1
0.65210733E+01 0 .55243038E -02-0 .18615292E -05  0 .27550007E -09-0 .14667189E -13 2
- 0 . 14056930E+05-0. 71603765E+01 0 . 23870869E+01 0 .13779376E -01 -0 . 19499048E-05 3
- 0 . 87133962E-08 0 . 49415732E -11-0 . 12765035E+05 0 . 14942562E+02 4
CCL3 J  6 /7 OC 1CL 30 00 OG 300 .000  5000 .000  1
0.87815473E+01 0 .13516130E -02-0 .58249453E -06  0 .11098697E -09-0 .77937264E -14 2
0 .6 6 3 4 4 151E+04-0. 15329284E+02 0 . 37153357E+01 0 .19443796E -01-0 . 24627841E-04 3
0 . 13786464E -07-0 .2 6638934E-11 0 . 77820020E+04 0 . 97028910E+01 4
CHCL3 J02/82C 1H 1CL 3 G 3 0 0 .0  5000. 1
0.90163631E+01 0 .35212717E -02-0 .12260580E -05  0 .18787250E -09-0 .10437946E -13 2
- 0 . 15617379E+05-0. 17765915E+02 0.37190189E+01 0 .16568001E -01-0 .69450962E -05  3
- 0 . 74460615E-08 0 . 55932056E -11-0 . 14149289E+05 0 . 97833681E+01 4
N>o
o
C C L 4  J 1 2 / 6 8 C  1 C L  4 0  0 0  O G  3 0 0 . 0 0 0  5 0 0 0 . 0 0 0  1
0 . 1 1 6 0 1 3 0 4 E + 0 2  0 . 1 5 5 5 0 2 7 3 E - 0 2 - 0 . 6 7 0 4 5 2 8 0 E - 0 6  0 . 1 2 7 7 0 3 3 7 E - 0 9 - 0 . 8 9 6 1 6 9 5 0 E - 1 4  2
- 0 . 1 5 3 8 9 8 5 2 E + 0 5 - 0 . 3 0 0 6 3 4 7 3 E + 0 2  0 . 4 2 6 6 7 4 0 0 E + 0 1  0 . 2 9 4 5 2 6 3 7 E - 0 1 - 0 . 4 0 8 2 0 6 5 0 E - 0 4  3
0 . 2 5 5 8 1 5 4 4 E - 0 7 - 0 . 5 8 7 5 6 4 8 9 E - 1 1 - 0 .1 3 8 1 0 8 1 6 E + 0 5  0 . 5 7 6 1 4 4 6 8 E + 0 1  4
C H C L  L 0 3 / 8 4 C  1 H  1 C L  1  O G  3 0 0 . 0 0 0  5 0 0 0 . 0 0 0  1
0 . 5 0 4 6 8 4 2 6 E + 0 1  0 . 6 6 8 0 6 2 1 3 E - 0 3  0 . 3 1 8 8 7 1 0 0 E - 0 6 - 0 . 1 0 4 7 0 0 9 3 E - 0 9  0 . 7 6 0 5 4 6 1 4 E - 1 4  2
0 . 3 5 3 5 1 7 3 0 E + 0 5 - 0 . 1 1 6 1 0 7 2 7 E + 0 1  0 . 3 1 5 9 2 2 5 5 E + 0 1  0 . 4 6 5 7 6 6 7 1 E - 0 2 - 0 . 7 7 8 3 6 5 2 3 E - 0 6  3
- 0 . 2 6 8 8 9 4 1 7 E - 0 8  0 . 1 5 8 7 1 1 0 7 E - 1 1  0 . 3 5 9 4 0 4 5 3 E + 0 5  0 . 8 9 0 3 6 8 1 8 E + 0 1  4
C H C L O  U 0 9 / 8 4 C  1 H  1 C L  1 0  1 G  3 0 0 . 0 0 0  5 0 0 0 . 0 0 0  1
0 . 5 6 3 1 8 2 9 3 E + 0 1  0 . 3 8 8 3 0 7 1 2 E - 0 2 - 0 . 1 3 6 1 2 9 9 8 E - 0 5  0 . 2 1 0 5 6 1 4 0 E - 0 9 - 0 . 1 1 8 5 5 2 4 9 E - 1 3  2
- 0 . 2 3 2 2 1 5 8 2 E + 0 5 - 0 . 3 0 1 2 7 8 6 5 E + 0 0  0 . 2 9 0 5 5 4 4 3 E + 0 1  0 . 9 1 0 5 7 1 2 2 E - 0 2 - 0 . 1 5 0 0 8 7 2 7 E - 0 5  3
- 0 . 4 8 7 9 2 0 4 6 E - 0 8  0 . 2 7 2 1 1 5 5 8 E - 1 1 - 0 . 2 2 3 3 4 2 5 0 E + 0 5  0 . 1 4 3 9 1 7 1 9 E + 0 2  4
C H C L 2  L 0 3 / 8 4 C  1 H  1 C L  2  O G  3 0 0 . 0 0 0  5 0 0 0 . 0 0 0  1
0 . 6 8 6 5 9 3 2 5 E + 0 1  0 . 2 6 9 1 2 0 2 1 E - 0 2 - 0 . 9 1 4 4 7 4 7 0 E - 0 6  0 . 1 3 6 7 6 2 1 3 E - 0 9 - 0 . 7 3 8 4 5 6 5 4 E - 1 4  2
0 . 6 4 8 7 8 7 8 9 E + 0 4 - 0 . 7 0 4 1 3 7 4 2 E + 0 1  0 . 3 6 5 6 8 1 2 7 E + 0 1  0 . 1 0 6 6 6 4 7 1 E - 0 1 - 0 . 4 4 1 2 3 1 8 0 E - 0 5  3
- 0 . 4 7 0 8 2 4 0 9 E - 0 8  0 . 3 5 6 9 3 4 9 7 E - 1 1  0 . 7 3 7 1 2 2 2 7 E + 0 4  0 . 9 6 2 0 9 1 9 2 E + 0 1  4
C H 2  J 1 2 / 7 2 C  1 H  2  0  O G  3 0 0 . 0 0 0  5 0 0 0 . 0 0 0  1
0 . 3 0 6 4 3 9 2 1 E + 0 1  0 . 3 3 6 4 0 4 2 4 E - 0 2 - 0 . 1 0 9 8 9 1 4 3 E - 0 5  0 . 1 5 9 8 5 9 0 6 E - 0 9 - 0 . 8 4 3 2 3 2 8 2 E - 1 4  2
0 . 4 5 4 3 5 0 5 9 E + 0 5  0 . 4 9 4 7 6 2 3 3 E + 0 1  0 . 3 6 8 8 4 6 6 1 E + 0 1  0 . 1 4 3 3 1 8 7 4 E - 0 2  0 . 5 7 2 6 8 6 8 2 E - 0 6  3
- 0 . 9 9 6 5 4 0 7 7 E - 1 0 - 0 . 1 1 3 7 4 1 6 4 E - 1 2  0 . 4 5 3 0 5 1 5 2 E + 0 5  0 . 1 8 4 4 5 5 5 9 E + 0 1  4
C H 2 C L  L 0 3 / 8 4 C  1 H  2 a  1  O G  3 0 0 . 0 0 0  5 0 0 0 . 0 0 0
0 . 4 7 7 0 7 4 2 9 E + 0 1  0 . 4 3 2 3 7 5 8 2 E - 0 2 - 0 . 1 4 2 2 3 0 3 3 E - 0 5  0 . 2 0 5 9 9 4 7 2 E - 0 9 - 0 . 1 0 7 1 4 8 6 5 E - 1 3  
0 . 1 2 2 7 7 0 2 7 E + 0 5  0 . 4 6 4 5 9 5 7 9 E + 0 0  0 . 3 3 1 8 5 8 4 4 E + 0 1  0 . 6 5 9 1 5 7 3 4 E - 0 2  0 . 1 0 3 3 2 6 0 4 E - 0 6  
- 0 . 4 3 1 3 6 2 6 8 E - 0 8  0 . 2 1 6 7 6 5 4 1 E - 1 1  0 . 1 2 7 8 0 9 8 0 E + 0 5  0 . 8 4 2 7 1 4 1 2 E + 0 1  
C H 2 0  J  3 / 6 1 C  1 H  2 0  1 0  O G  3 0 0 . 0 0 0  5 0 0 0 . 0 0 0
0 . 2 8 3 6 4 2 4 9 E + 0 1  0 . 6 8 6 0 5 2 9 8 E - 0 2 - 0 .2 6 8 8 2 6 4 7 E - 0 5  0 . 4 7 9 7 1 2 5 8 E - 0 9 - 0 .3 2 1 1 8 4 0 6 E - 1 3  
- 0 . 1 5 2 3 6 0 3 1 E + 0 5  0 . 7 8 5 3 1 1 6 9 E + 0 1  0 . 3 7 9 6 3 7 8 3 E + 0 1 - 0 . 2 5 7 0 1 7 8 5 E - 0 2  0 . 1 8 5 4 8 8 1 5 E - 0 4  
- 0 . 1 7 8 6 9 1 7 7 E - 0 7  0 . 5 5 5 0 4 4 5 1 E - 1 1 - 0 . 1 5 0 8 8 9 4 7 E + 0 5  0 . 4 7 5 4 8 1 6 3 E + 0 1
too
C H 3  S 0 9 / 8 2 C  1 H  3 0  0 0  O G  3 0 0 . 0 0 0  3 0 0 0 . 0 0 0  1
0 . 4 2 3 8 3 5 0 9 E + 0 1  0 . 2 5 0 0 1 2 8 5 E - 0 2  0 . 1 0 4 7 1 6 7 6 E - 0 5 - 0 . 8 4 8 5 2 1 2 5 E - 0 9  0 . 1 3 8 2 7 6 6 0 E - 1 2  2
0 . 1 6 1 6 7 0 2 3 E + 0 5 - 0 . 1 8 6 9 2 7 1 3 E + 0 1  0 . 3 4 9 0 7 7 3 2 E + 0 1  0 . 3 4 2 3 2 3 8 6 E - 0 2  0 . 1 8 9 7 5 9 5 2 E - 0 5  3
- 0 . 2 5 4 1 5 9 2 7 E - 0 8  0 . 8 0 5 3 9 4 5 4 E - 1 2  0 . 1 6 4 5 9 4 1 4 E + 0 5  0 . 2 3 4 4 0 7 0 4 E + 0 1  4
C H 3 0  U 1 0 / 7 7 C  1 H  3 0  1  O G  3 0 0 . 0 0 0  3 0 0 0 . 0 0 0  1
0 . 3 7 7 0 7  9 9 6 E + 0 1  0 . 7 8 7 1 4 9 7 1 E - 0 2 - 0 .2 6 5 6 3 8 3 9 E - 0 5  0 . 3 9 4 4 4 3 1 4 E - 0 9 - 0 . 2 1 1 2 6 1 6 4 E - 1 3  2
0 . 1 2 7 8 3 2 5 2 E + 0 3  0 . 2 9 2 9 5 7 5 0 E + 0 1  0 . 2 1 0 6 2 0 4 0 E + 0 1  0 . 7 2 1 6 5 9 5 1 E - 0 2  0 . 5 3 3 8 4 7 2 0 E - 0 5  3
- 0 . 7 3 7 7 6 3 6 3 E - 0 8  0 . 2 0 7 5 6 1 0 5 E - 1 1  0 . 9 7 8 6 0 1 0 7 E + 0 3  0 . 1 3 1 5 2 1 7 7 E + 0 2  4
C H 4  J  5 / 6 1 C  1 H  4 0 0  0 0 0  O G  3 0 0 . 0 0 0  5 0 0 0 . 0 0 0  1
0 . 2 3 5 9 4 0 4 6 E + 0 1  0 . 8 7 3 0 9 4 0 5 E - 0 2 - 0 . 2 8 3 9 7 0 5 3 E - 0 5  0 . 4 0 4 5 9 8 3 5 E - 0 9 - 0 . 2 0 5 2 7 0 9 5 E - 1 3  2
- 0 . 1 0 2 8 8 8 2 0 E + 0 5  0 . 6 0 2 9 0 0 1 2 E + 0 1  0 . 2 9 2 8 3 9 6 2 E + 0 1  0 . 2 5 6 9 1 0 9 2 E - 0 2  0 . 7 8 4 3 7 0 6 0 E - 0 5  3
- 0 . 4 9 1 0 2 9 7 9 E - 0 8  0 . 2 0 3 8 0 0 3 0 E - 1 2 - 0 . 1 0 0 5 4 1 7 2 E + 0 5  0 . 4 6 3 4 2 2 2 0 E + 0 1  4
C H 4 0  U 1 0 / 7 7 C  1 H  4 0  1  O G  3 0 0 . 0 0 0  3 1 0 0 . 0 0 0  1
0 . 2 9 7 4 3 1 1 8 E + 0 1  0 . 9 2 5 6 0 6 8 6 E - 0 2 - 0 . 5 5 8 4 0 6 5 0 E - 0 6 - 0 . 1 1 6 2 3 7 5 5 E - 0 8  0 . 2 4 9 4 4 4 2 9 E - 1 2  2
- 0 . 2 5 5 5 1 4 3 0 E + 0 5  0 . 8 9 8 2 3 9 8 0 E + 0 1  0 . 2 6 7 3 9 2 9 2 E + 0 1  0 . 7 0 4 4 6 5 8 1 E - 0 2  0 . 7 7 8 4 9 2 8 1 E - 0 5  3
- 0 . 9 1 9 0 6 5 0 0 E - 0 8  0 . 2 4 4 6 1 9 6 0 E - 1 1 - 0 . 2 5 3 5 8 7 3 0 E + 0 5  0 . 1 1 2 2 4 0 1 8 E + 0 2  4
C C L O  J 1 2 / 6 5 C  1 0  1 C L  1 0 0  O G  3 0 0 . 0 0 0  5 0 0 0 . 0 0 0  1
0 . 5 4 2 9 1 2 3 6 E + 0 1  0 . 1 6 1 2 1 5 3 5 E - 0 2 - 0 . 6 6 0 0 6 2 8 0 E - 0 6  0 . 1 2 1 2 7 1 1 4 E - 0 9 - 0 .8 2 8 5 8 6 0 1 E - 1 4  2
- 0 . 9 3 3 0 5 0 0 7 E + 0 4  0 . 3 6 9 7 1 8 1 6 E + 0 0  0 . 4 2 8 6 3 7 9 2 E + 0 1  0 . 5 0 8 6 8 9 8 0 E - 0 2 - 0 . 5 0 7 2 9 4 1 1 E - 0 5  3
0 . 2 9 6 4 7 9 8 3 E - 0 8 - 0 .7 7 0 9 3 4 5 3 E - 1 2 - 0 . 9 0 1 2 5 2 1 2 E + 0 4  0 . 6 2 3 8 0 3 0 8 E + 0 1  4
C C L 2 0  J  6 / 6 1 C  1 0  1 C L  2 0 0  O G  3 0 0 . 0 0 0  5 0 0 0 . 0 0 0
0 . 7 7 3 1 8 0 8 2 E + 0 1  0 . 2 4 0 8 9 2 8 7 E - 0 2 - 0 . 1 0 1 1 1 1 3 3 E - 0 5  0 . 1 8 9 3 6 2 1 4 E - 0 9 - 0 . 1 3 1 3 9 3 5 6 E - 1 3  
- 0 . 2 9 1 3 6 5 6 6 E + 0 5 - 0 . 1 1 2 2 1 6 7 4 E + 0 2  0 . 3 1 1 5 6 1 3 9 E + 0 1  0 . 1 8 4 7 8 6 7 4 E - 0 1 - 0 .2 2 4 2 0 5 4 4 E - 0 4  
0 . 1 2 8 6 8 1 8 4 E - 0 7 - 0 .2 7 3 6 0 8 0 5 E - 1 1 - 0 .2 8 0 4 3 8 8 4 E + 0 5  0 . 1 1 7 5 5 2 9 9 E + 0 2  
0 0 2  J  9 / 6 5 C  1 0  2 0 0  0 0 0  O G  3 0 0 . 0 0 0  5 0 0 0 . 0 0 0  1
0 . 4 4 6 0 8 0 4 1 E + 0 1  0 . 3 0 9 8 1 7 1 9 E - 0 2 - 0 . 1 2 3 9 2 5 7 1 E - 0 5  0 . 2 2 7 4 1 3 2 5 E - 0 9 - 0 . 1 5 5 2 5 9 5 4 E - 1 3  2
- 0 . 4 8 9 6 1 4 4 2 E + 0 5 - 0 . 9 8 6 3 5 9 8 2 E + 0 0  0 . 2 4 0 0 7 7 9 7 E + 0 1  0 . 8 7 3 5 0 9 5 7 E - 0 2 - 0 . 6 6 0 7 0 8 7 8 E - 0 5  3







C 2 C L  R  7 9 C  2 C L  1  0  O G  3 0 0 . 0 0 0  5 0 0 0 . 0 0 0  1
0 . 5 6 7 8 5 5 8 3 E + 0 1  0 . 1 7 2 3 9 7 6 3 E - 0 2 - 0 . 6 3 8 6 1 9 2 7 E - 0 6  0 . 1 0 4 5 3 2 5 4 E - 0 9 - 0 . 6 2 7 6 5 1 0 6 E - 1 4  2
0 . 5 7 5 1 0 6 3 3 E + 0 5 - 0 . 4 0 9 8 0 0 9 1 E + 0 1  0 . 3 9 7 7 9 2 1 5 E + 0 1  0 . 5 6 9 2 0 0 8 9 E - 0 2 - 0 . 2 2 2 7 7 4 0 0 E - 0 5  3
- 0 . 2 2 6 6 3 4 7 6 E - 0 8  0 . 1 6 8 6 2 7 0 0 E - 1 1  0 . 5 8 0 1 1 1 4 8 E + 0 5  0 . 4 8 4 3 2 2 4 5 E + 0 1  4
C 2 H C L  J 0 8 / 8 3 C  2 H  1 C L  1  O G  3 0 0 . 0 0 0  5 0 0 0 . 0 0 0  1
0 . 1 0 0 8 8 2 3 0 E + 0 2 - 0 .2 6 7 6 3 2 8 2 E - 0 2  0 . 1 9 4 5 1 0 2 7 E - 0 5 - 0 . 4 6 3 5 1 8 1 1 E - 0 9  0 . 3 6 8 2 1 6 7 8 E - 1 3  2
0 . 2 2 0 7 5 8 5 9 E + 0 5 - 0 .2 8 4 2 0 5 0 2 E + 0 2  0 . 4 2 3 3 3 0 8 8 E + 0 1  0 . 8 5 8 4 0 3 0 0 E - 0 2 - 0 .2 2 9 4 7 7 7 9 E - 0 5  3
- 0 . 5 5 7 2 5 3 0 9 E - 0 8  0 . 3 9 8 0 3 1 6 9 E - 1 1  0 . 2 4 2 0 2 4 5 7 E + 0 5  0 . 3 6 0 0 5 8 1 2 E + 0 1  4
C 2 H 3 C L  U 1 2 / 8 2 C  2 H  3 C L  1  G  3 0 0 .  5 0 0 0 .  1
0 . 6 6 8 4 4 7 8 8 E + 0 1  0 . 7 7 9 9 4 9 1 3 E - 0 2 - 0 . 2 5 8 6 2 4 8 2 E - 0 5  0 . 3 7 6 3 5 6 7 2 E - 0 9 - 0 . 1 9 6 2 0 7 5 9 E - 1 3  2
0 . 1 4 0 3 1 2 7 7 E + 0 4 - 0 . 9 7 3 8 3 2 8 0 E + 0 1  0 . 1 5 7 8 9 4 9 0 E + 0 1  0 . 1 8 0 3 9 3 3 8 E - 0 1 - 0 . 2 8 0 5 9 3 5 8 E - 0 5  3
- 0 . 1 0 6 9 6 4 1 1 E - 0 7  0 . 6 1 3 8 5 7 5 8 E - 1 1  0 . 2 9 9 8 5 2 5 4 E + 0 4  0 . 1 7 5 5 0 7 9 7 E + 0 2  4
C 2 H 5 C L  U  1 / 8 4 C  2 H  5 C L  1  G  3 0 0 .  5 0 0 0 .  1
0 . 7 7 2 2 5 2 6 6 E + 0 1  0 . 1 1 1 2 2 2 0 4 E - 0 1 - 0 . 3 4 8 7 5 6 7 1 E - 0 5  0 . 4 3 9 8 6 8 5 9 E - 0 9 - 0 . 1 7 7 7 0 5 2 8 E - 1 3  2
- 0 . 1 6 9 4 4 6 0 2 E + 0 5 - 0 .1 5 6 7 2 3 5 1 E + 0 2 - 0 . 1 6 6 8 4 5 8 9 E + 0 1  0 . 3 7 1 9 0 0 9 5 E - 0 1 - 0 . 1 6 9 7 0 7 2 0 E - 0 4  3
- 0 . 1 9 2 1 1 4 9 8 E - 0 7  0 . 1 6 4 8 8 8 2 4 E - 1 0 - 0 . 1 4 4 6 5 3 5 2 E + 0 5  0 . 3 2 3 2 0 2 2 1 E + 0 2  4
C 2 C L 2  J 1 2 / 6 8 C  2 C L  2 0  0 0  O G  3 0 0 . 0 0 0  5 0 0 0 . 0 0 0
0 . 8 1 7 2 8 5 4 7 E + 0 1  0 . 2 3 6 5 9 8 9 2 E - 0 2 - 0 . 9 6 5 5 2 5 0 5 E - 0 6  0 . 1 7 7 3 6 1 4 8 E - 0 9 - 0 . 1 2 1 3 5 2 0 3 E - 1 3  
0 . 2 2 5 1 0 1 9 0 E + 0 5 - 0 . 1 4 9 1 6 7 4 4 E + 0 2  0 . 5 0 2 2 9 4 8 2 E + 0 1  0 . 1 4 0 8 2 6 6 7 E - 0 1 - 0 . 1 8 0 9 5 6 6 9 E - 0 4  
0 . 1 1 6 1 0 3 4 8 E - 0 7 - 0 . 2 8 8 1 7 4 7 8 E - 1 1  0 . 2 3 2 2 7 4 8 2 E + 0 5  0 . 5 9 6 8 4 1 7 0 E + 0 0  
O C L 2 C H 2  U  1 / 8 2 C  2 H  2 a  2  G  3 0 0 .  5 0 0 0 .  1
0 . 8 9 2 7 5 0 5 5 E + 0 1  0 . 6 0 6 0 8 9 4 6 E - 0 2 - 0 .2 0 5 6 1 2 0 1 E - 0 5  0 . 3 0 7 1 0 8 3 4 E - 0 9 - 0 . 1 6 5 6 8 0 8 6 E - 1 3  2
- 0 . 3 2 6 5 1 5 4 3 E + 0 4 - 0 . 1 9 1 0 2 9 5 1 E + 0 2  0 . 2 9 0 1 6 9 5 3 E + 0 1  0 . 1 9 9 2 0 6 9 9 E - 0 1 - 0 . 5 9 5 3 6 0 5 1 E - 0 5  3
- 0 . 1 0 8 1 7 7 0 8 E - 0 7  0 . 7 1 7 1 8 1 2 6 E - 1 1 - 0 . 1 5 2 6 5 4 2 5 E + 0 4  0 . 1 2 5 2 2 0 0 0 E + 0 2  4
C 2 H 2 C 1 2  U 0 6 / 8 4 C  2 H  2 C L  2  O G  3 0 0 . 0 0 0  5 0 0 0 . 0 0 0  1
0 . 8 8 4 0 5 0 0 8 E + 0 1  0 . 6 1 5 0 4 2 0 8 E - 0 2 - 0 . 2 0 8 9 2 2 2 I E - 0 5  0 . 3 1 2 2 1 6 0 3 E - 0 9 - 0 . 1 6 8 4 1 6 5 1 E - 1 3  2
- 0 . 2 9 0 7 8 6 2 5 E + 0 4 - 0 . 1 8 4 5 9 3 0 5 E + 0 2  0 . 3 1 6 7 3 6 4 1 E + 0 1  0 . 1 8 1 8 8 0 1 1 E - 0 1 - 0 .3 5 7 7 7 5 2 1 E - 0 5  3







C H C H 3 C L 2  U 0 1 / 8 5 C  2 H  4 C L  2  G  3 0 0 .  3 0 0 0 .  1
0 . 1 0 4 2 5 0 8 6 E + 0 2  0 . 8 7 0 9 0 6 5 6 E - 0 2 - 0 . 2 5 9 6 8 5 0 2 E - 0 5  0 . 3 1 7 2 7 3 3 2 E - 0 9 - 0 . 1 1 5 0 0 5 4 2 E - 1 3  2
- 0 . 1 9 9 5 7 3 0 5 E + 0 5 - 0 . 2 7 0 6 5 8 2 6 E + 0 2  0 . 3 1 4 8 1 9 2 4 E + 0 1  0 . 2 1 7 9 6 7 1 5 E - 0 1 - 0 . 1 1 0 5 8 1 0 0 E - 0 5  3
- 0 . 1 4 4 6 2 4 3 7 E - 0 7  0 . 7 4 6 6 4 8 7 5 E - 1 1 - 0 . 1 7 5 2 1 9 0 6 E + 0 5  0 . 1 2 4 2 5 0 8 2 E + 0 2  4
C 2 C L 3  J 0 6 / 7 1 C  2 C L  3  0  O G  3 0 0 . 0 0 0  5 0 0 0 . 0 0 0  1
0 . 7 4 2 6 8 7 6 1 E + 0 1  0 . 8 7 8 0 6 9 9 2 E - 0 2 - 0 . 5 1 3 3 6 2 8 3 E - 0 5  0 . 1 2 1 9 6 6 8 6 E - 0 8 - 0 . 1 0 0 3 7 4 4 6 E - 1 2  2
0 . 1 6 8 3 3 8 4 4 E + 0 5 - 0 . 4 9 0 8 3 6 4 3 E + 0 1  0 . 6 0 5 2 3 9 0 1 E + 0 1  0 . 1 0 9 5 8 4 9 3 E - 0 1  0 . 7 2 2 1 6 6 4 2 E - 0 6  3
- 0 . 1 2 3 6 5 7 0 3 E - 0 7  0 . 6 8 2 5 9 6 4 3 E - 1 1  0 . 1 7 1 7 8 5 9 0 E + 0 5  0 . 2 2 7 7 4 4 7 7 E + 0 1  4
C 2 H C L 3  U 0 6 / 8 2 C  2 C L  3 H  1  O G  3 0 0 . 0 0 0  5 0 0 0 . 0 0 0  1
0 . 1 1 1 1 1 5 0 5 E + 0 2  0 . 4 3 6 7 7 7 2 5 E - 0 2 - 0 . 1 5 3 2 1 9 7 5 E - 0 5  0 . 2 3 6 1 8 4 4 1 E - 0 9 - 0 . 1 3 1 9 5 6 2 1 E - 1 3  2
- 0 . 4 7 1 2 9 2 9 7 E + 0 4 - 0 . 3 0 1 2 4 3 1 3 E + 0 2  0 . 4 5 8 1 9 4 1 6 E + 0 1  0 . 2 0 0 9 8 7 8 7 E - 0 1 - 0 .7 7 4 4 5 3 9 3 E - 0 5  3
- 0 . 9 8 3 1 4 8 8 5 E - 0 8  0 . 7 0 6 5 4 4 2 8 E - 1 1 - 0 .2 8 7 6 8 9 0 1 E + 0 4  0 . 3 9 4 1 7 1 0 5 E + 0 1  4
C H C L 3 C H 2  U 0 1 / 8 5 C  2 H  3 a  3  G  3 0 0 .  3 0 0 0 .  1
0 . 1 2 7 8 2 1 3 3 E + 0 2  0 . 7 4 9 2 5 5 7 2 E - 0 2 - 0 . 2 3 7 9 3 4 8 2 E - 0 5  0 . 3 1 4 8 3 0 3 8 E - 0 9 - 0 . 1 3 4 1 3 1 2 6 E - 1 3  2
- 0 . 2 2 6 1 6 3 9 1 E + 0 5 - 0 . 3 7 1 0 0 7 2 3 E + 0 2  0 . 2 5 4 9 7 3 7 0 E + 0 1  0 . 2 8 8 9 7 2 6 7 E - 0 1 - 0 .5 5 9 5 0 6 8 6 E - 0 5  3
- 0 . 1 8 6 8 4 7 5 2 E - 0 7  0 . 1 1 0 2 9 6 8 3 E - 1 0 - 0 . 1 9 4 7 3 1 4 5 E + 0 5  0 . 1 7 3 5 7 7 5 8 E + 0 2  4
C2CL4 J06/71C  2CL 4 0 OG 300 .000  5000.000
0 . 13412127E+02 0 .25160089E -02-0 . 92387506E-06 0 . 14557804E -09-0 . 81690873E-14  
- 0 . 60906250E+04-0.36987610E+02 0 . 68515739E+01 0 .1 8 7 5 1 647E -01-0.81598864E -05  
- 0 . 91898649E-08 0 .6 8 8 8 2 677E-11 - 0 .42813047E+04-0. 28988390E+01 
C2H J  3/67C 2H 100 000 OG 300 .000  5000 .000
0 .44207650E+01 0 .22119303E -02-0 .59294945E -06 0 . 94195775E -10-0 . 68527594E-14  
0 . 55835444E+05-0. 11588093E+01 0 .26499400E+01 0 . 84919515E -02-0 . 98165375E-05
0 .65373629 E -0 8 -0 . 17356273E-11 0.56275751E+05 0.76898609E+01  
C2H2 J  3/61C 2H 200 000 OG 300 .000  5000 .000  1
0 . 45751083E+01 0 . 51238358E -02-0 . 17452354E-05 0 . 28673065E -09-0 . 17951426E-13 2
0 .25607428E+05-0.3573794OE+Ol 0 . 14102768E+01 0 . 19057275E -01-0.24501390E -04 3
0 . 16390872E -07-0.41345447E -11 0.26188208E+05 0.11393827E+02 4
O
■t*
C2H20 T10/82C 2H 20 10 OG 300 .000  5000 .000  1
0.60388174E+01 0 .58048405E -02-0 .19209538E -05  0 .27944846E -09-0 .14588675E -13 2
- 0 . 85834023E+04-0. 76575813E+01 0 . 29748708E+01 0 . 12118712E -01-0. 23450457E-05 3
-0 .64666850E -08  0 .39056492E -11-0.76326367E +04 0.86735525E+01 4
C2H3 T08/81C 2H 3 0 OG 300 .000  5000 .000  1
0.40913172E+01 0 .73747411E -02-0 .24263809E -05  0 .35108782E -09-0 .18219093E -13 2
0.29399117E+05 0.16772680E+01 G.19295549E+01 0 .90625472E -02 0.34292807E -05 3
-0 .8 3 3 7 4 3 3 9 3 -0 8  0 .32886263E -11 0.30275852E+05 0.14064019E+02 4
C2H4 T12/79C 211 400 000 OG 300 .000  5000 .000  1
0 . 44007187E+01 0 . 96285827E -02-0 . 31700802E-05 0 . 45826254E -09-0. 23716445E-13 2
0 . 41129180E+04-0.24797812E+01 0.12187214E+01 0 .13023630E -01 0 .33733277E-05 3
-0 .10929970E -07  0 .46081021E -11 0.53369570E+04 0.15472055E+02 4
C2H5 R 79C 2H 5 0 OG 300 .000  5000 .000  1
0 .4 1 0 6 8 954E+01 0 .12077987E -01-0 .40150690E -05  0 .58634697E -09-0 .30743528E -13 2
0.10632148E+05 0.23229771E+01 0.19983559E+01 0.10580499E -01 0.79106931E -05 3
-0 .1 0 9 3 2 5 7 4E-07 0 .31684750E -11 0.11754070E+05 0.15462708E+02 4
C2H6 T12/78C 2H 6  0 OG 300 .0 0 0  5000 .000
0 . 48259382E+01 0 . 13840429E -01-0 . 45572588E-05 0 . 67249672E -09-0. 35981614E-13 
- 0 . 12717793E+05-0. 52395067E+01 0.14625387E+01 0 .15494667E -01 0.57805073E -05  
- 0 . 12578319E-07 0.45862671E -11-0.11239176E +05 0.14432295E+02  
a  J  6/72CL 1 0 0 OG 300 .000  5000 .000  1
0 .29537796E +01-0. 40792712E-03 0 . 15288342E -06-0.26384345E -10 0 . 17206581E-14 2
0 . 13695677E+05 0.30667325E+01 0.20774281E+01 0 .29487169E -02-0 .43919732E -05 3
0 .24499776E -08-0 .41007685E -12 0.13871928E+05 0.73136343E+01 4
QUO J06/71CL 1H 10 1 OG 300 .000  5000 .000  1
0.45127640E+01 0 .17334460E -02-0 .46012497E -06  0 .46801757E -10-0 .96353598E -15 2
-0.12587785E+05 0.20158815E+01 0.32891693E+01 0.42427853E -02 0 .11686853E -06 3








OCL J  6/61CL 10 100 000 OG 300 .000  5000 .000  1
0.40912619E+01 0 .50003126E -03-0 .18778206E -06  0 .35097671E -10-0.24205038E -14 2
0 .10853223E+05 0.36057382E+01 0.28179364E+01 0 .44531333E -02-0 .44124893E -05 3
0 . 15920942E -08-0 . 14486242E-13 0.11171397E+05 0.10044828E+02 4
CL2 J  9 / 6 5 a  200 000 000 OG 300 .000  5000 .000  1
0.43077814E+01 0 .31182816E -03-0 .15310807E -06  0 .44511913E -10-0.43057753E -14 2
-0.13458251E +04 0.20666684E+01 0.31316886E+01 0 .48997877E -02-0.69411463E -05 3
0 .4478564IE -0 8 -0 . 10621859E -11-0 . 10979696E+04 0 . 77833424E+01 4
CL20 J12/65CL 20  100 000 OG 300 .000  5000 .000  1
0 . 64340062E+01 0 . 62728809E -03-0 . 26933252E-06 0 . 51076394E -10-0. 35691545E-14 2
0 . 84860530E+04-0. 49498767E+01 0 . 32545238E+01 0 . 12799449E -01-0. 17882460E-04 3
0 .11264383E -07-0 .25964252E -11 0.91657423E+04 0.10558058E+02 4
H J12/82H  1 0 0 OG 300 .000  5000 .000  1
0 . 25180731E+01-0. 35272868E-04 0 .2 2 4 0 8 1 8 7 E -0 7 -0 .56567338E-11 0.49109742E -15 2
0 . 25467926E+05-0. 55852801E+00 0.25327368E +01-0.22555341E -03 0.54596995E -06 3
- 0 . 55358651E-09 0 .20047793E -12 0.25470867E+05-0.59867412E+00 4
H a  J  9/64H l a  100 000 OG 300 .000  5000 .000
0 . 27665884E+01 0 . 14381883E -02-0 . 46993000E-06 0 . 73499408E -10-0. 43731106E-14 
-0.11917468E +05 0.64583540E+01 0.35248171E+01 0 .29984862E -04-0.86221891E -06  
0 .2 0 9 7 9 7 2 1 E -0 8 -0 .98658191E-12-0.12150509E+05 0.23957713E+01 
HCD J12/70H 1C 10 10 OG 300 .000  5000 .000  1
0 . 34738348E+01 0 . 34370227E -02-0 . 13632664E-05 0 .24928645E -09-0 . 17044331E-13 2
0.39594005E+04 0.60453340E+01 0.38840192E +01-0.82974448E -03 0.77900809E -05 3
-0 .70616962E -08  0 .19971730E -11 0.40563860E+04 0.48354133E+01 4
H02 J  9/78H 10 200 000 OG 300.000 5000 .000  1
0.40173060E+01 0 .22175883E -02-0 .57710171E -06  0 .71372882E -10-0.36458591E -14 2
-0.11412445E+04 0.37846051E+01 0 .35964102E+01 0.52500748E -03 0.75118344E -05 3






H2 J  3/61H 20 00 00 OG 300-000 5000 .000  1
0 .31001901E+01 0 .5 1 1 1 9 4 64E-03 0 .52644210E -07-0 .34909973E -10 0 .36945345E -14 2
-0 .8 7 7 38042E+03-0.19629421E+01 0.30574451E+01 0 .26765200E -02-0 .58099162E -05  3
0 . 55210391E -08-0 . 18122739E -11-0 . 98890474E+03-0. 22997056E+01 4
H20 J  3/79H 20 100 000 OG 300 .000  5000 .000  1
0.26110472E+01 0 .31563130E -02-0 .92985438E -06  0 .13331538E -09-0 .74689351E -14 2
-0.29868167E +05 0 .7 2 0 9 1 2 68E+01 0.41677234E +01-0.18114970E -02 0 .59471288E -05 3
- 0 . 48692021E-08 0 . 15291991E -11-0 . 30289969E+05-0. 73135474E+00 4
H202 L 2/69H 20 20 00 OG 300 .000  5000 .000  1
0.45731667E+01 0 .43361363E -02-0 .14746888E -05  0 .23489037E -09-0 .14316536E -13  2
-0.18006961E +05 0.50113696E+00 0.33887536E+01 0 .65692260E -02-0 .14850126E -06 3
- 0 . 46258055E-08 0 . 24715147E -11-0 .17663147E+05 0 . 67853631E+01 4
N2 J12/82N  2 0 0 OG 300 .000  5000 .000  1
0 . 30623951E+01 0 . 11889460E -02-0 . 36317789E-06 0 . 46417120E -10-0. 18448748E-14 2
-0.96547778E+03 0.52533560E+01 0.36020546E +01-0.70038927E -03 0 .10841850E -05 3
0 . 64484085E -09-0 . 69796295E -12-0 . 10533074E+04 0 .26657305E+01 4
0  J 1 2 /8 2 0  1 0 0 OG 300 .000  5000 .000
0 . 25495367E+01-0.4 0832325E-04 0.43852104E -08 0 .28555561E -11-0 .30269146E -15  
0.29225551E+05 0.48792458E+01 0.28573704E +01-0.10163174E -02 0.89068919E -06  
- 0 . 16847301E -10-0 . 19925446E-12 0.29154742E+05 0.33414450E+01  
OH J 1 2 /8 2 0  1H 1 0 OG 300.000 5000 .000  1
0 .2 9 9 0 1 953E+01 0 .80065103E -03-0 .90377910E -07-0 .13361491E -10  0 .25691521E -14 2
0.38496814E+04 0 .5 0 0 8 2 998E+01 0.38065777E +01-0.86144591E -03 0 .44311332E -06 3
0 . 72349193E -09-0 . 42206511E-12 0 . 35872300E+04 0 . 62482184E+00 4
02 J 1 2 /8 2 0  2 0 0 OG 300 .000  5000 .000  1
0.36811543E+01 0 .61174575E -03-0 .10959707E -06  0 .10993072E -10-0 .38448244E -15 2
-0.12226443E+04 0.32938614E+01 0.33175726E+01 0.34704781E -03 0 .14182033E -05 3





CH T 2/80C 1H 10 00 OG 300 .000  5000 .000  1
0.24161863E+01 0 .1 9 0 8 4 7 0 4 E -0 2 -0 .43044935E-06 0 .20121099E-10 0.22894041E -14 2
0.70784500E+05 0.79757013E+01 0.36162109E +01-0.60296291E -03 0 .66297542E -06 3
0 . 65568906E -09-0 . 41529920E-12 0.70400250E+05 0.15434847E+01 4
O X  J12/69C 1CL 10 00 OG 300 .000  5000 .000  1
0.40984727E+01 0 .50077845E -03-0 .20012833E -06 0 .38680992E -10-0 .25441113E -14 2
0.59076599E+05 0.33370201E+01 0.31953557E+01 0 .28076318E -02-0 .16043845E -05 3
-0 .57744065E -09  0.61409732E -12 0.59325077E+05 0.80220197E+01 4
C2HO T10/82C 2H 10 1 OG 300 .000  5000 .000
0.45077200E+01 0 .43579005E -02-0 .13757026E -05 0 .18988289E -09-0 .92407330E -14  
0.92941846E+03 0.26024265E+01 0.39291782E+01 0 .56519806E -02-0 .14746602E -05  





Appendix C. The transport properties d a tab ase  used  in the
s im u la t io n s .
T h e  t r a n s p o r t  p ro p e r t ie s  d a t a b a s e  is g iven  in T ab le  C -1 . E ach  
s e t  of d a ta  for a  s p e c ie s  o c c u rs  on o n e  line. T h e  s p e c ie s  sym bol 
m u s t  b e  first, fo llow ed by  n, th e  g e o m e tr ic  co n fig u ra tion  fac tor. A
sin g le  a to m  h a s  n«0 , a  linear m olecu le  h a s  n - 1 ,  a n d  a  n o n lin ea r  
m o lecu le  h a s  n - 2 .  T h e  tw o L e n n a rd -J o n e s  p a ra m e te r s  a re  next, e /ke
is th e  po ten tia l  well d e p th  in d e g r e e s  Kelvin, a n d  c  is th e  collision 
d ia m e te r  in A n g s tro m s . p. is th e  e lec tr ic  d ip o le  m o m e n t  in units  of 
D eb y e ,  1 0 ‘ 1 ® c m ^ 2 e r g 1/f2t a  is th e  polarizability  in c u b ic  
A n g s tro m s ,  a n d  Z T0\ is th e  ro ta tional re laxation  n u m b e r  a t  2 9 8  K. 
T h e re  is no  sp e c if ied  fo rm at requ ired , e x c e p t  th e  v a lu e s  m u s t  b e  
input in th is o rder , a n d  e a c h  entry  m u s t  b e  follow ed by a  b lank  s p a c e .
T h e  re fe re n c e  s o u r c e s  for th e  s p e c i e s  d a ta  is a lso  g iven  in 
T a b le  C-1. For t h o s e  s p e c ie s  for which th e  d a t a  w e re  e s t im a te d  th e  
r e f e r e n c e  s p e c i e s  from  w hich  th e  e s t im a te d  v a lu e s  w e re  
o b ta in e d .a r e  a ls o  sh o w n .
2 0 9
Table C-1. The parameters required to calculate the species 
transport properties.
n e/kb o a Z rot Source
CH30 2 417.000 3.690 1.700 0 . 0 0 0 2 . 0 1
CH3 1 144.000 3.800 0 . 0 0 0 0 . 0 0 0 0 . 0 1
CH4 2 141.400 3.746 0 . 0 0 0 2.600 13.0 1
CH40 2 417.000 3.690 1.700 0 . 0 0 0 2 . 0 1
C2H0 1 144.000 3.800 0 . 0 . 0 . est., same as CH3
HCL 1 360.000 3.310 1.080 0 . 4.0 3
CH3CL 2 355.000 4.151 1.870 0 . 1 . 0 2
C2CL4 2 464.2 5.554 0 . 1 2 . 1 1 . 0 3
C2CL3 2 464.2 5.554 0 . 1 2 . 1 1 . 0 est., same as C2C14


































4.100 0 . 0 0 0



















0 . 1 . 0 3
0 . 1 . 0 2
0 . 1 . 0 2
0 . 1 . 2
10.85 6 . est., same as OC14
10.85 6 . 3
0 . 1 . 0 est., same as HC1
0 . 1 . 0 est., same as HC1
0 . 1 . 0 est., same as HC1
0 . 1 . 0 est., same as CH3C1
0 . 1 . 0 est., same as CH3C1
0 . 1 . 0 est., same as CH3C1
0 . 1 . 0 est., same as CH3C1
0 . 1 . 0 est., same as CH2C12
0 . 1 . 0 est., same as CH2C12
1.760 4.0 est., same as N2
0 . 0 0 0 2.5 1



















0 0 1 98.
0 0 2 1 244.
4.100 0 . 0 0 0
3.971 0 . 0 0 0
4.302 0 . 0 0 0











3.621 0 . 0 0 0
3.590 0 . 0 0 0
3.650 0 . 0 0 0



















0 . 0 0 0 1 . 0 1
0 . 0 0 0 1.5 1
0 . 0 0 0 1.5 1
0 . 0 0 0 1.5 1
0 . 0 . est., same as CH3
0 . 1 . 0 3
0 . 1 . 0 est., same as CH2C12
0 . 1 . 0 est., same as HC1
0 . 1 . 0 est., same as CH2C12
0 . 1 . 0 3
0 . 1 . 0 est., same as C2H5C1
0 . 1 . 0 est., same as C2H5C1
0 . 1 . 0 est., same as C2H5C1
0 . 1 . 0 3
760 4.0 1
0 0 0 2 . 0 1
950 1 . 8 1
650 2 . 1 1 l
\
t
CHO 2 498.000 3.590 0 .000
H 0 145.000 2.050 0 .000
H2 1 38.000 2.920 0 .000
H20 2 572.400 2.605 1.844
H202 2 107.400 3.458 0 .000
0 0 80.000 2.750 0 .000
0 2 1 107.400 3.458 0 .000
OH 1 80.000 2.750 0 .000
CH 1 80.000 2.750 0 .000
CH2 1 144.000 3.800 0 .000
H02 2 107.400 3.458 0 .000
CHCL3CH2 2 1060.000 2.980 1.050
CHCH3CL2 2 423.000 4.450 2.030
Sources:
1) Kee, et al (1983)
2) MDnchik and Mason (1961)
3) Nbrse (1988)
0 . 0 0 0 0 . 0
0 . 0 0 0 0 . 0
0.790 280.0
0 . 0 0 0 4.0
0 . 0 0 0 3.8
0 . 0 0 0 0 . 0
1.600 3.8
0 . 0 0 0 0 . 0
0 . 0 0 0 0 . 0
0 . 0 0 0 0 . 0
0 . 0 0 0 1 . 0
0 . 1 . 0
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